AD-A186  608 


o 


m  FILE 


COPY 

Bulletin  52 
(Part  2  of  5  Parts) 


THE 

SHOCK  AND  VIBRATION 
BULLETIN 

Part  2 

Invited  Papers,  Space  Shuttle  Loads  and  Dynamics,  Space  Shuttle  Data  Systems, 

Shock  Testing,  Shock  Analysis 
Space  Shuttle  Thermal  Protection  Systems 


MAY  1982 


A  Publication  of 

THE  SHOCK  AND  VIBRATION 
INFORMATION  CENTER 


DTIC 


ELECTE 
NOV  1  9  1987 


Naval  Research  Laboratory,  Washington,  D.C. 


Office  of 

The  Under  Secretary  of  Defense 
for  Research  and  Engineering 

Approved  for  public  release;  distribution  unlimited. 


10  9  8 


02^ 


SYMPOSIUM  MANAGEMENT 


THE  SHOCK  AND  VIBRATION  INFORMATION  CENTER 

Henry  C.  Pusey,  Director 
Rudolph  H.  .Volin 
J.  Gordan  Showalter 
Jessica  Hiieman 
Elizabeth  A.  McLaughlin 


Bulletin  Production 

Publications  Branch,  Technical  Information  Division. 
Naval  Research  Laboratory 


Bulletin  52 
(Part  2  of  5  Parts) 


THE 

SHOCK  AND  VIBRATION 
BULLETIN 


MAY  1982 


A  Publication  of 

THE  SHOCK  AND  VIBRATION 
INFORMATION  CENTER 
Naval  Research  Laboratory,  Washington,  D.C. 


p'xcesion  For  . 

i  NTIS  CRA&I 

vT 

j  dug  TAB 

□ 

□ 

j  Jjs'T-So.u..::! 

;  By 

i  Dl.-t:  -I.  / 

y  Co-Jos  | 

r  .  „  .  ' 

t  ;  / •  rii  o,  or 

j  Dibt  !  V  •  ..V 

!  ,  — 

ciai 

1a±! . 

The  52nd  Symposium  on  Shock  and  Vibration  was  held  at  the  Montele- 
one  Hotel,  New  Orleans,  LA  on  October  26-28,  1981.  The  Defense 
Nuclear  Agency,  Washington,  D.C.  and  the  U.S.  Army  Waterways 
Experiment  Station,  Vicksburg,  MS  were  Co-Hosts. 


Office  of 

The  Under  Secretary  or  Defense 
for  Research  and  Engineering 


CONTENTS 

PAPE  P.d  APPEARING  IN  PART  2 


/ 


Invited  Paperi 

Spjice  Shuttle  Loads  end  Dynamic* 


SPACE  SHUTTIXMAIN  ENGINE  (SSME)I>OGC  TESTING  AND  RESULTS  . . 

J.  R.  Fenwick,  Rockwell  International,  Rocketdyne  Division,  Canoga  Park,  CA  and 
J.  H.  Jones  and  R.  E.  Jewell,  NASA,  Marshall  Space  Flight  Center,  Huntsville,  AL/ 

SPACE  SHUTTLE  s6lID  ROCKET  AOOSTERDATERXNTRY  ^VITYAfoLLAPSE.-I^ ADS  ] 
*  R.  T.  Keefe  and  E.  A.  Rawls,  Chrysler  Corporation,  Slidell,  LA  and 
D.  A.  Kross,  NASA,  Marshall  Space  Flight  Center,  Huntsville,  AL 


SPACE  SHUTTLE  SOLID  ROCKET  BOOSTER  REENTRY^AND  DECELERATOR  SYSTEM 

LOADS  AND  DYNAMICS  . . . . 

R.  Moog,  Martin  Marietta  /Denver  Division,  Denver,  CO  and  D.  Kross,  NASA, 

Marshall  Space  Flight£ehter,  Huntsville,  \L 

INVESTIGATION  OF  SIDE  FORCE  OSCILLATIONS  DURING  STATIC  FIRING  of  THE 

SPACE  SHUTTLE  SOLID  ROCKET  MOTOR  . . . 

M.  A.  Retiring,  Thiokol  Corporation /Wasatch  Division,  Brigham  City,  UT 


1 


21 


27 


36 


Space  Shuttle  Data  Systems 


DEVELOPMENT  OF  AN  AUTOMATED  PROCESSING  AND  SCREENING^SYSTEM  ,FOR  THE 

sRACE  SHUTTLE  ORBITER  FLIGHTIEST ^ATA  j  .  v .  43 

D.  K.  McCutchen,  NASA,  Johnson  Space  Center,  Houston,  TX,  J.  F.  Brose,  Lockheed  Engineering  and 
Management  Services  Company,  Inc.,  Houston,  TX  and  W.  E.  Palm,  McDonnell  Douglas  Corp.,  Houston,  TX 

DEVELOPMENT  OF  A.VIBROACOUSTIC  DATA  BASE  MANAGEMENT  AfjD 

‘  PREDICTION  SYSTEM  FOR  PAYLOADS  . .  63 

F.  J.  On,  NASA,  Goddard  Space  Flight  Center^Greenbelt,  MD  and 
W.  Hendricks,  Lockheed  Missiles  and  Space  Company,  Sunnyvale,  CA 


AUTOMATION  OF  V^BROACOUTTIC  TlATA  BANK  FOR  RANDOM  VIBRATION  CRITERIA  DEVELOPMENT  ' .  66 

A  R.  C.  Ferebee,  NASA,  Marshall  Space  Flight  Center,  Huntsville,  AL  '  ) 

THE  DEVELOPMENT  aNd  VERIFICATION  CiFSHUTTIXORBITER  RANDOM 

Vibration  test  requirements  ^ . .  71 

M.  C.  Coody,  NASA,  Johnson  Space  Centra,  Houston,  TX,  H,  K.  Pratt,  Rockwell  International  Corporation, 

Downey,  CA  and  D.  E.  Newbrough,  Management  and  Technical  Services  Corporation,  Houston,  TX 

SPACE  SHUTTLE  Arbiter  ACOUSTIC  FATIGUE  CERTIFICATION  TESTING  .  81 

R.  A.  Stevens,  Rockwell  International,  Downey,  CA  \ 


Space  Shuttle  Thermal  Protection  Systems 

STRUCTURAL  .CHARACTERISTICS  OF  THE  SHUTTLE  DRBITER  CERAMIC.THERM  ALPROTECTIONXYSTEM  . .  101 

P.  A.  Cooper,  NASA,  Langley  Research  Center,  Hampton,  VA  > 


'  SHUTTLE  TlLE  ENVIRONMENTS  AND  1/3 ADS  ,/ .  Ill 

r"'  R.  J.  Muraca,  NASA,  Langley  Research  Center,  Hampton,  VA 

DYNAMIC  AND  STATIC  MODELING  OF  THE  SHUTTLE  DRBITER%!  THERMAL  PROTECTION  SYSTEM; .  127 

J.  M.  Housner,  G.  L.  Giles  and  M.  Valias,  NASA,  Langley  Research  Center,  Hampton,  VA 

BUFFET  ,"5aDS  oN  SHUTTLE  THERMAL-PROTECTION-SVSTEM  Riles  ; .  147 

'  C.  F.  Coe,  NASA,  Ames  Research  Center,  Moffett  Field,  CA  1 

-UNSTEADY  ENVIRONMENTS  AND  RESPONSES  OF  THE  SHUTTLE  COMBINED  LOADS  ORBITER  TEST  ; .  167 

P.  H.  Schuetz,  Rockwell  International,  Downey,  CA  and  ^ 

L.  D.  Pinson  and  H.  T.  Thornton,  Jr.,  NASA,  Langley  Research  Center,  Hampton,  VA 


iii 


J 


Space  Shuttle  Main  Engine  Dynamics 

VIBRATION  MATURITY,OF  THE %PAefi  SHUTTLE  MAIM  ENGINES  .‘7.  ?.  /'/  r.  ,'v .  166 

<  ;  E.  W,  Larson  and  E.  Mogil,  Rockwell  Intematio.ial /Rocketdyne  Division,  Canoga  Parlt,  CA) 

■STRUCTURAL RESPONSE  OF  THE  SSME  FUEL  rtEDUNE  TO  UNSTEADY  SHOCK  OSCILLATIONS  .  f  . .  177 

''*■  E.  W.  Larson,  G.  H.  Ratekin  and  (j? M.  O’Connor,  Rockwell  Intemational/Rocketdy'ne  Division,  Canoga  Park,  CA 


PAPERS  APPEARING  IN  PART  1 
Welcome 

WELCOME 

Colonel  Tilford  Creel,  Commander  /Director,  U.S.  Army  Waterways  Experiment  Station,  Vicksburg,  MS 


Keynote  Address 

KEYNOTE  ADDRESS 

Marvin  Atkins,  Director,  Offensive  and  Space  Systems,  Office  of  the  Under  Secietary  of  Defense 
Research  Engineering,  Department  of  Defense,  Washington,  DC 


Invited  Papers 


EQUIPMENT  SURVIVABILITY  ON  THE  INTEGRATED  BATTLEFIELD 

Charles  N.  Davidson,  Technical  Director,  U.S.  Army  Nuclear  and  Chemical  Agency,  Springfield,  VA 

NAVAL  OPERATIONS  IN  A  NUCT  EAR  ENVIRONMENT 

Captain  Donald  Alderson,  U.S.N.,  Acting  Chief,  Tactical  Nuclear  Weapons  Project  Office  (PM-23) 
Department  of  the  Navy  Washington,  DC 

SURVIVABILITY  REQUIREMENTS  FOR  FUTURE  AIR  FORCE  SYSTEMS 

Henry  F.  Cooper,  Deputy  for  Strategic  and  Space  Systems,  Assistant  Secretary  of  the  Air  Force 
(Research,  Development  and  Logistics),  Washington,  DC 

NUCLEAR  HARDNESS  VALIDATION  TESTING 

Edward  Conrad,  Deputy  Director  (Science  and  Technology),  Defense  Nuclear  Agency,  Washington,  DC 

ELIAS  KLEIN  MEMORIAL  LECTURE  -  THE  CHANGING  DIMENSIONS  OF  QUALIFICATION  TESTING 
H.  Norman  Abramson,  Vice-President,  Engineering  Sciences,  Southwest  Research  Institute,  San  Antonio,  TX 

REQUIRED  DEVELOPMENTS  IN  STRUCTURAL  DYNAMICS 
Ben  K.  Waaa,  Jet  Propulsion  Laboratory,  Pasadena,  CA 

EFFECT  OF  SEALS  ON  ROTOR  SYSTEMS 

David  P.  Fleming,  NASA,  Lewis  Research  Center,  Cleveland,  OH 

MACHINERY  VIBRATION  EVALUATION  TECHNIQUES 

R.  L.  Eshleman,  The  Vibration  Institute,  Clarendon  Hills,  IL 

SHAFT  VIBRATION  MEASUREMENT  AND  ANALYSIS  TECHNIQUES 
Donald  E.  Bently,  President,  Bently  Nevada  Corporation,  Minden,  NV 


Rotor  Dynamics  and  Machinery  Vibration 


SPIN  TEST  VIBRATIONS  OF  PENDULOUSLY  SUPPORTED  DISC/CYLINDER  ROTORS 

F.  H.  Wolff  and  A.  J.  Molnar,  Westinghouse  Research  and  Development  Center,  Pittsburgh,  PA 

MODAL  ANALYSIS  AS  A  TOOL  IN  THE  EVALUATION  OF  A  TURBINE  WHEEL  FAILURE 
A.  L.  Moffa  and  R.  L.  Lecn,  Franklin  Research  Center,  Philadelphia,  PA 

CONTRIBUTION  TO  THE  DYNAMIC  BEHAVIOUR  OF  FLEXIBLE  MECHANISMS 

E.  Imam,  J.  Der  Hagopian  and  M.  Lalanne,  Institut  National  des  Sciences  Appliquees,  Villeurbanne,  France 

SELF-EXCITED  VIBRATION  OF  A  NONLINEAR  SYSTEM  WITH  RANDOM  PARAMETERS 
R.  A.  Ibrahim,  Texas  Tech  University,  Lubbock,  TX 


IV 


PAPERS  APPEARING  IN  PART  3 


Environmental  Testily  and  Simulation 

DIGITAL  CONTROL  OF  A  SHAKER  TO  A  SPECIFIED  SHOCK  SPECTRUM 
J.  F.  'Jnruh,  Southwest  Reseer ch  Institute,  Sen  Antonio,  TX 

GUNFIRE  V  BRATION  SIMULATION  ON  A  DIGITAL  VIBRATION  CONTROL  SYSTEM 
J.  Cies,  Hewlett-Packard  Compeny,  Panmus,  NJ 

MEASUREMENT  OF  ALL  COMPONENTS  OF  STRAIN  BY  A  3-D  FIBER  OPTIC  STRAIN  GAGE 
S.  Edelman  and  C.  M.  Davis,  Jr.,  Dynamic  Systems,  Inc.,  McLean,  VA 

REGISTRATION  OF  THREE  SOIL  STRESS  GAGES  AT  0  THROUGH  28  MPa  (4000  psi) 

C.  R.  Welch,  U.S.  Army  Engineer  Waterways  Experiment  Station,  Corps  of  Engineers,  Vicksburg,  MS 

CABLE  PROTECTION  FOR  GROUND  SHOCK  INSTRUMENTATION  IN  SEVERE  ENVIRONMENTS  - 
RESULTS  OF  AN  EVALUATION  TEST 

C.  R.  Welch,  U.S.  Army  Engineer  Waterways  Experiment  Station,  Corps  of  Engineers,  Vicksburg,  MS 

STRUCTURAL  RESPONSE  OF  HEPA  FILTERS  TO  SHOCK  WAVES 

P.  R  Smith,  New  Mexico  State  University,  Las  Cruces,  NM  and  W.  S.  Gregory,  Los  Alamos  National  Laboratory, 
L.  -  -slamoa,  NM 

A  TECHNIQUE  COMBINING  HEATING  AND  IMPACT  FOR  TESTING  REENTRY  VEHICLE  IMPACT 
FUZES  AT  HIGH  VELOCITIES 
R.  A.  Berth  am,  Sandia  National  Laboratories,  Albuquerque,  NM 

USE  OF  A  DROPPED  WEIGHT  TO  SIMULATE  A  NUCLEAR  SURFACE  BURST 
C.  R.  Welch  and  S.  A.  Kiger,  U.S.  Army  Engineer  Waterways  Experiment  Station, 

Corps  of  Engineers,  Vicksburg,  MS 

ANALYSIS  AND  TESTING  OF  A  NONLINEAR  MISSILE  AND  CANISTER  SYSTEM 

R.  G.  Benson,  A.  C.  Deer  hake  and  G.  C.  McKinnis,  General  Dynamics/Convair  Division,  San  Diego,  CA 

BIO-DYNAMIC  RESPONSE  OF  HUMAN  HEAD  DURING  WHOLE-BODY  VIBRATION  CONDITIONS 
B.  K.  N.  Rao,  Birmingham  Polytechnic,  Perry  Barr,  England 


Flight  Environments 


YC-16  EXTERNALLY  BLOWN  FLAP  NOISE 

Capt.  L.  G.  Peck,  Flight  Dynamics  Laboratory,  Air  Force  Wright  Aeronautical  Laboratories, 
Wright-Patterson  AFB,  OH 

DETERMINATION  OF  THE  DYNAMIC  ENVIRONMENT  OF  THE  F/FB-111  TAIL  POD  ASSEMBLY 
J.  Chinn  and  P.  Bolds,  Air  Force.  Wright  Aeronautical  Laboratories,  Wright-Patterson  AFB,  OH 

AN  ASSESSMENT  OF  THE  A-IO*  CAPABILITY  TO  OPERATE  ON  ROUGH  SURFACES 

T.  G.  Gerardi  and  D.  L.  Morris,  Air  ?  ore?  Wj  ght  Aeronautical  Laboratories,  Wright-Patterson  AFB,  OH 

SUBCRITICAL  FLUTTER  TESTING  USING  THE  FEEDBACK  SYSTEM  APPROACH 

C.  D.  Turner,  North  Carolina  State  University,  Raleigh,  NC 

TOMAHAWK  CRUISE  MISSILE  FLIGHT  ENVIRONMENTAL  MEASUREMENT  PROGRAM 
E.  S.  Rosenbaum  and  F.L.  Gloyna,  General  Dynamics/Convair  Division,  San  Diego,  CA 

TEST  PROGRAM  TO  DEVELOP  VIBROACOUSTICS  TEST  CRITERIA  FOR  THE  GALILEO  BUS 

D.  L.  Kern  and  C.  D.  Hayes,  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA 

SLV-3  FLIGHT  VIBRATION  ENVIRONMENT 

S.  A.  Palaniswami,  G.  Muthuraman  and  P.  Balachandran,  Aerospace  Structures  Division, 

Viknun  Sarabhai  Space  Centre,  Trivandrum,  India 


v 


PAPERS  APPEARING  IN  PART  4 


Fatigue  ind  Random  Loading 

FATIGUE  LIFE  PREDICTION  FOR  VARIOUS  RANDOM  GTTRESS  PEAK  L.STRIBUTIONS 
R.  G.  Lambeu,  General  Electric  Company,  Aircraft  Equipment  Di virion,  Utica,  NY 

FATIGUE  LIFE  EVALUATION,  STOCHASTIC  LOADING  AND  MODIFIED  LIFE  CURVES 

M.  El  Menoufy,  H.  H.  E.  Leiphola  and  T.  H.  Topper,  Untveraity  of  Waterloo,  Waterloo,  Ontario,  Canada 

THE  EFFECTS  OF  ENDURANCE  LIMIT  AND  CREST  FACTOR  ON  TIME  TO  FAILURE 
under  random  loading 

A.  J.  Curtis  and  S.  M.  Moite,  Hughe*  Aircraft  Company,  Culver  City,  CA 

SINGLE  POINT  RANDOM  MODAL  TEST  TECHNOLOGY  APPLICATION  TO  FAILURE  DETECTION 
W.  M.  West,  Jr.,  NASA,  Johnson  Space  Center,  Houston,  TX 

FORCED  VIBRATIONS  OF  A  LARGE  DAMPED  MECHANICAL  SYSTEM 

D.  W.  Nicholson,  Naval  Surface  Weapon*  Center,  White  Oak,  Silver  Spring,  MD 

INDIRECT  FOURIER  TRANSFORM  (IFT)  AND  SHOCK  RESPONSE  -  A  DETAILED 
PRESENTATION  OF  BASIC  THEORY 
C.  T.  Morrow.  Encinitas,  CA 


Control,  Isolation  and  Damping 

ACTIVE  VIBRATION  CONTROL  OF  LARGE  FLEXIBLE  STRUCTURES 

T.  T.  Soong  and  J.  C.  H.  Chang,  State  University  of  New  York  at  Buffalo,  Buffalo,  NY 

FORCE  OPTIMIZED  RECOIL  CONTROL  SYSTEM 

P.  E.  Townsend,  U.S.  Army  Armament  Research  and  Development  Command,  Dover,  NJ, 

R.  J.  Radkiewici,  U.S.  Army  Armament  Research  and  Development  Command,  Rock  bland,  IL  and 

R.  F.  Gartner,  Honeywell,  Inc.,  Edina,  MN 

PERFORMANCE  ANALYSIS  OF  HIGH-SPEED  HYDRAULIC  SUSPENSION  SYSTEMS  IN 
MULTIPLE  WHEELED  LAND  TRANSPORTERS 

P.  Woods,  Martin  Marietta  Corporation,  Denver,  CO 

NONUNEAR  ANALYSIS  OF  PNEUMATIC  FORCE  GENERATORS  USED  FOR  VIBRATION  CONTROL 

S.  Sankar,  Concordia  University,  Montreal,  Quebec,  Canada,  R.  R.  Guntur,  Union  College,  Schenectady,  Nk , 
and  S.  G.  Kalumbar,  Electronic  Associates,  Inc.,  West  Long  Branch,  NJ 

REDUCTION  OF  HYDRAULIC  UNE  OSCILLATING  PRE88URE8  INDUCED  Bk  PUMP  CAVITATION 
G.  Druhak,  P.  Marino  and  M.  Bernstein,  Grumman  Aerospace  Corporation,  Beth  page,  NY 

RUBBER  ISOLATORS  FOR  THE  ADATS  MISSILE 

J.  Frotticr,  Oerlikon-Buehrle  Werkxeugmaachinenfabrik,  Zurich,  CH  and 
C.  F.  OTieame,  Martin  Marietta  Orlando  Aerospace,  Orlando,  FL 

TIME  AND  TEMPERATURE  EFFECTS  ON  CU8HIONS 

G.  S.  Mu* tin,  Naval  Sea  System*  Command,  Washington,  DC 

EXTRANEOUS  EFFECTS  IN  DAMPING  MEASUREMENT 

R.  J.  Hooker,  University  of  Queensland,  Queensland,  Australia  and 

S.  Prasertaan,  Prince  of  Songkla  University,  Hat-yai,  Thailand 

DYNAMIC  ANALYSIS  OF  A  LARGE  STRUCTURE  WITH  ARTIFICIAL  DAMPING 

Q.  L.  Tian,  D.  K.  Liu,  Y.  P.  Id  and  D.  F.  Wang,  Institute  of  Mechanics, 

The  Chinese  Academy  of  Sciences,  Beijing,  China 

AN  EXPERIMENTAL  STUDY  OF  THE  NONLINEAR  BEHAVIOUR  OF  A  STRANDED  CABLE 
AND  DRY  FRICTION  DAMPER 

C.  S.  Chang  «nd  Q.  Tian,  Institute  of  Mechanics,  The  Chinese  Academy  of  Sciences,  Beijing,  China 

RESPONSE  OF  PNEUMATIC  ISOLATOR  TO  STANDARD  PULSE  SHAPES 
M.  S.  Hundal,  The  University  of  Vermont,  Burlington,  VT 


PAPERS  APPEARING  IN  PART  5 


Mathematical  Modeling 

DAMPED  STRUCTURE  DESIGN  USING  FINITE  ELEMENT  ANALYSIS 

M.  F.  Klueeener  and  M.  L.  Drake,  Univsnity  of  Dayton  Raeaareh  Inititute,  Dayton,  OH 

DETERMINATION  OF  NORMAL  MODES  FROM  MEASURED  COMPLEX  MODES 
8.  R.  Ibrahim,  Old  Dominion  Unhrenity,  Norfolk,  VA 

THE  EFFECT  OF  JOINT  PROPERTIES  ON  THE  VIBRATIONS  OF  TIMOSHENKO  FRAMES 

I.  Yahmai,  Sharif  Univanity  of  Technology,  Tehran,  Iran  and 

D.  n.  Frohrib,  Unhrenity  of  Minneeota,  Minneapolis,  MN 

SOIL  STRUCTURE  INTERACTION  AND  SOIL  MODELS 

J.  M.  Fenitto,  Naval  Civil  Engineering  Laboratory,  Port  Hueneme,  CA 

FINITE  ELEMENTS  FOR  INITIAL  VALUE  PROBLEMS  IN  DYNAMICS 

T.  E.  Simldne,  U.S.  Army  Armament  Raeearch  and  Development  Command,  Watervliet,  NY 


Structural  Dynamite 

A  PROCEDURE  FOR  DESIGNING  OVSRDAMPED  LUMPED  PARAMETER  SYSTEMS 

D.  J.  Inman,  State  University  of  New  York  at  Buffalo,  Buffalo,  NY  and 

A.  N.  An  dry,  Jr.,  Lockheed  California  Company,  Burbank,  CA 

ON  THE  OPTIMAL  LOCATION  OF  VIBRATION  8UPPORT8 

B.  P.  Wang  and  W.  D.  Piikey,  University  of  Virginia,  Charlottesville,  VA 

DYNAMIC  BUCKLING  OF  PINNED  COLUMNS 

J.  M.  Ready,  David  W.  Taylor  Naval  Ship  Research  and  Development  Center,  Bethesda,  MD 

LARGE  DEFLECTION  RANDOM  RESPONSE  OF  SYMMETRIC  LAMINATED  COMPOSITE  PLATES 

K.  R.  Went*  end  D.  B.  Paul,  Air  Foma  Wright  Aeronautical  Laboratories,  Wright-Patterson  AFB,  OH  and 

C.  Mei,  Old  Dominion  University,  Norfolk,  VA 

DYNAMIC  CHARACTERISTICS  OF  A  NON-UNIFORM  TORPEDO- LIKE  HULL  STRUCTURE 
A.  Harari,  Naval  Underwater  Systems  Osnter,  Newport,  RI 

VIBRATION  AND  ACOUSTIC  RADIATION  FROM  POINT  EXCITED  SPHERICAL  SHELLS 

E.  H.  Wong,  Navel  Ocean  Syatema  Center,  Sun  Diego,  CA  and 

S.  I.  Hayek,  The  Pennayhrania  State  University,  University  Psrk,  PA 

DAMPING  OF  SHALLOW-BURIED  STRUCTURES  DUE  TO  SOIL-STRUCTURE  INTERACTION 

F.  S.  Wong  and  P.  Weidlinger,  Weidlinger  Aaeociates,  Menlo  Park,  CA  and  New  York,  NY 


TITLES  AND  AUTHORS  OF  PAPERS  PRESENTED  IN  THE 
SHORT  DISCUSSION  TOPICS  SESSION 


NOTE:  That*  pa  pan  wara  only  pnaanted  at  the  Sympoaium.  Thay  an  not  p'lblithad 
In  tha  Bulla  tin  and  an  only  lifted  ban  u  a  convenience. 


TRANSFER  FUNCTION  ANALYSIS  OF  LARGE  STRUCTURES 

H.  J.  Weaver,  Lawrence  Livermore  National  Laboratory,  Livermore,  CA 

SHOCK  HARDENED  STRUCTURAL  ATTACHMENTS  FOR  HONEYCOMB  BULKHEADS 
P.  W.  Buermann,  Gibbe  k  Cox,  Inc.,  New  York,  NY 

DISCOVERING  THE  THIRD  (AND  SECOND)  DIMENSION 
B.  Meeker,  Pacific  Miaeile  Teat  Oenter,  Point  Mugu,  CA 

A  MICROPROCESSOR  BASED  ADAPTIVE  ISOLATION  AND  DAMPING  OF  A  VIBRATING  STRUCTURE 
A.  S.  R.  Murty,  Indian  Inititute  of  Technology,  Kharagpur,  India 


vii 


HARMONIC  RESPONSE  OF  A  STRUCTURE  INCLUDING  A  DRY  FRICTION  DAMPER 

J.  Dm  Hagopian  and  M.  LaLante,  Instltut  National  dta  SclcncM  Applique**,  Villeurbanne,  France 

RATIONALE  FOR  VIBRATION  TESTING  IN  MIL-S1D-810D  (DRAFT) 

H.  J.  CaruK),  Westinghouse  Electric  Corporation,  Baltimore,  MD 

VIBRATION  ISOLATION  OF  SENSITIVE  IUS  COMPONENTS  REQUIRING  THERMAL  CONDUCTION 
F.  W.  Spann,  Boeing  Aerotpace  Company,  Seattle,  WA 

FINITE  ELEMENT  ANALYSIS  OF  SHOCK  AND  VIBRATION  FIXTURES 

L.  G.  Smith,  Hughe*  Aircraft  Company,  Fullerton,  CA 

A  UNIQUE  METHOD  FOR  VIBRATION  TESTING  FAR  BELOW  THE  NORMAL  AMBIENT  NOISE  LEVEL 
OF  ELECTRODYNAMIC  SHAKERS 

H.  D.  Cunp,  Jr.,  U.S.  Army;  ERADCOM,  Fort  Monmouth,  NJ 

COLTS  AND  FASTENER  TIGHTENING  TO  BROCHURE  IDEALNESS  THROUGH  VIBRATION  SIGNATURES 
A.  S.  R.  Murty,  Indian  Institute  of  Technology,  Kharagpur,  India 

COST  EFFECTIVE  METHODS  OF  INCREASING  DATA  RECORDING  CAPACITY 

M.  Dowling,  Franklin  Research  Center,  Philadelphia,  PA 

PIEZOELECTRIC  FORCE  GAUGE  WITH  HIGH  SENSITIVITY 
R.  R.  Bouche,  Bouche  Laboratories,  Sun  Valley,  CA 

PYROTECHNIC  SHOCK  ENVIRONMENTS  MEASURED  ON  INERTIAL  UPPER  STAGE  (IUS) 

C.  J.  Beck,  Jr.,  Boeirg  Aerospace  Company,  Seattle,  WA 

USE  OF  BAND-SELECTABLE  HANNING  SMOOTHING  TO  IMPROVE  TRANSIENT  WAVEFORM 
REPRODUCTION  ON  SHAKERS 

D.  O.  Small wcod  and  D.  L.  Gregory,  Sandia  National  Laboratories,  uquerque,  NM 

SHAKER  SHOCK  TEST  DATA  -  BASED  ON  OPTIMIZED  PRE  ANL  POST  PULSES 
R.  T.  Fandrich,  Harris  Corporation,  Melbourne,  FL 

PROGRESS  ON  THE  EDESS  MACHINES 

F.  J.  Sazama,  Naval  Surface  Weapons  Center,  Silver  Spring,  MD 

MULTI  AXIS  RANDOM  VIBRATION  TESTER  FOR  AVIONICS 

D.  Everett,  Pacific  Missile  Test  Center,  Point  Mugu,  CA  and  G.  Green ias,  UCLA,  Los  Angeles,  CA 

ACOUSTIC  FACILITY  FOR  CRUISE  MISSILE  TESTING 

O.  H.  Moore,  Jr.,  General  Dynamics, 'Convah,  San  Diego,  CA 

EFFECT  OF  FRICTION  AND  MISTUNING  ON  THE  RESPONSE  OF  A  BLADED  DISK  DISCRETE  MODEL 
A.  Mussynsks,  University  of  Dayton  and  Bendy  Nevada  Corp.,  Minden.NV 

CURRENT  DEVELOPMENTS  IN  HUMAN  VIBRATION  RESEARCH 
J.  C.  Guignard,  Naval  Biodynamics  Laboratory,  New  Orleans,  LA 


INVITED  PAPERS 

SPACE  SHUTTLE  LOADS  AND  DYNAMICS 


SPACE  SHUTTLE  MAIN  ENGINE  (SSME) 
POGO  TESTING  AND  RESULTS 


J.  R.  Fenwick 

Rockwell  International,  Rocketdvna  Division 
Canoga  Park,  California 

and 


J.  H.  Jones  and  R.  E.  Jewell 
Marshall  Space  Flight  Center 
Huntsville,  Alabama 


To  effectively  assess  the  Pogo  stability  of  the  Space 
Shuttle  vehicle,  it  was  necessary  to  characterize  the 
structural,  propellant,  and  propulsion  dynamics  sub¬ 
systems.  Extensive  analyses  and  comprehensive  test¬ 
ing  programs  were  established  early  in  the  project  as 
an  implementation  of  management  philosophy  of  Pogo 
prevention  for  Space  Shuttle.  This  paper  will  dis¬ 
cuss  the  role  of  the  Space  Shuttle  Main  Engine  (SSME) 
in  the  Pogo  prevention  plans,  compare  the  results  ob¬ 
tained  from  engine  ground  testing  with  analysis,  and 
present  measured  data  from  STS-1  flight. 


INTRODUCTION 

Pogo  has  become  one  of  the  classical 
problems  of  structural  dynamics  and  can 
be  ranked  along  with  flutter  and  the 
T?.comc  Marrows  Bridge  as  a  textbook  de¬ 
monstration  of  fluid  coupled  structural 
instability.  The  basic  Pogo  loop  in¬ 
volves  resonant  tuning  of  the  vehicle 
structure  with  the  propellant  feed  sys¬ 
tem  with  positive  feedback  through  the 
rocket  engine.  The  block  diagram  shown 
in  Figure  1  indicates  the  interconnection 
of  the  major  subsystems.  .'.rations  in 
thrust,  AF,  at  the  structural  resonance 
cause  large  velocity  variations,  AV ,  which 
are  in  phase  with  the  thrust.  Tuning 
the  propellant  feedline  system  to  the 
structural  frequency  results  in  engine 
inlet  pressure  oscillations,  AP,jS ,  which 
are  in  phase  with  velcci.y  variations. 

The  engine  produces  two  effects,  it  acts 
as  a  blockage  to  the  flow  resulting  in  a 
downward  force  at  the  engine  inlet  while 
any  fluid  entering  the  engine  is  burned 
in  the  thrust  chamber  generating  an  up¬ 
ward  thrust.  Assuming  negligible  phase 
shift  through  the  engine,  it  is  obvious 
that  if  the  downwari  force  exerted  by  the 
pressure, Pos, is  greater  than  the  upward 
force,  the  net  efrect  c  the  engine  is 
that  of  a  damper  sine-  the  net  engine 
force  opposes  velocity.  If  the  upward 


force  is  the  greater  (the  thrust),  the 
engine  acts  as  negative  damping  and  for 
large  values  can  become  greater  than  the 
inherent  damping  of  the  structure  and 
feed  system  causing  divergent  oscilla¬ 
tions.  In  terms  of  the  model  given  in 
Figure  1,  if  the  first  term  is  greater 
than  the  area,  As ,  the  net  result  is 
positive  and  this  re-en forces  oscilla¬ 
tion;  however  if  the  first  term  is  less 
than  the  area,  As,  the  net  result  is 
negative  and  this  dampens  oscillations. 

The  second  partial  in  Figure  1  is 
a  measure  of  the  engine  gain;  i.e.  com¬ 
bustion  chamber  pressure,  Fc ,  to  engine 
ini st  pressure,  Pos-  Consequently*  with 
this  simple  model,  a  value  of  allowable 
engine  gain  for  neutral  or  inherently 
stabilizing  engine  forces  can  be  v.-ritten 
as  : 

9PC/8PS  <  As/gfj 

Allowable  gain  for  engines  used  in 
several  vehicles  which  displayed  Pogo 
are  shown  in  Tigure  2.  Because  of  the 
high  pressure  design  of  the  SSME,  ;n 
engine  gain  three  to  four  times  that  of 
previous  engines  could  be  tolerated  with¬ 
out  instability.  Typical  engine  gains 
are  from  0.2  to  0.5  except  when  the 
engine  inlet  net  positive  suction  head 
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(NPSH)  is  so  low  that  additional  Rain 
is  produced  through  cyclic  cavitation 
of  the  turbopumps. 


SIGNIFICANCE  IN  MANNED  FLIGHT 

In  normal  trajectories,  structural 
modes  increase  in  frequency  while  the 
frequency  of  propellant  modes  vary  with 
engine  inlet  pressure  level  and  tend  to 
decrease  with  flight  time.  When  tuned 
conditions  and  feedback  result  in  an 
i  lstability ,  divergent  oscillations 
occur.  The  oscillations  are  a  maximum 
when  detuning  results  in  neutral  stabi¬ 
lity.  Further  detuning  results  in  con¬ 
vergence.  The  envelope  of  an  accelero¬ 
meter  from  the  second  unmanned  flight  of 
Saturn  V  is  shown  in  Figure  3  where 
closed  loop  damping  is  inferred  from 


Payloads  are  often  designed  to  in¬ 
clude  a  tolerance  to  Togo  when  the  ve¬ 
hicle  has  established  a  consistent  am¬ 
plitude  and  frequency  over  many  flights. 
When  the  payload  includes  man,  however, 
the  only  solution  is  to  avoid  Pogo. 

Figure  4  shows  the  results  of  vibration 
tests  of  the  crew  which  had  been  chosen 
for  the  first  manned  Saturn  V.  Based 
on  these  tests  and  previous  studies  con¬ 
ducted  during  the  Gemini  pi'ogram  a  limit 
of  +JcG  was  established  for  manned  fliglts. 
Since  instability  amplitudes  are  not  as 
predictable  as  instability  itself,  the 
Space  Shuttle  Program  included  testing 
and  analysis  plans  to  prevent  Pogo. 


FI~.  1-  POGO  BLOCK  DIAGRAM 
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ENGINE  SUPPORT  TO  POGO  PREVENTION 

In  the  SSME  ( Space  Shuttle  Main 
Engine)  proposal  phase,  dynamic  testing 
of  the  engine  system  was  included  which 
would  produce  engine  transfer  functions 
of  sufficient  quality  to  allow  valid  ve¬ 
hicle  stability  studies.  Immediately 
after  contract  awards  the  Pogo  Integra¬ 
tion  Panel  was  formed  and  a  Pogo  preven¬ 
tion  plan  was  formulated.  It  was  assumed 
that  an  engine  mounted  Pogo  suppressor 
would  be  required  and,  with  rough  esti¬ 
mates  supplied  by  the  vehicle  contractor, 
Rocketdyne  began  generating  suppressor 
concepts . 

The  Titan-Gemini  vehicle  propelled 
by  storeables  used  a  precharged  nitrogen 
standpipe  on  the  oxidizer  system  and  a 
spring  loaded  piston  on  the  fuel  side. 

The  first  and  second  stages  of  the  Saturn 
V  had  cryogenic  propellants  and  the 
suppressor  designs  amounted  to  helium 
filled  accumulators  with  a  small  continu¬ 
al  gas  bleed  into  the  propellant  system. 
Since  the  SSME  vehicle  interface  is  the 
inlet  flange  of  the  LPOTP  (Low  Pressure 
Oxygen  Turbopump),  an  engine  mounted 
suppressor  must  operate  downstream  of 
the  LPOTP  at  a  pressure  level  of  about 
500  psi  with  severe  pressure  transients 
at  start  and  cutoff.  Four  candidate 
systems  were  chosen  for  further  study. 


SUPPRESSOR  CONCEPT  SELECTION 

A  helium  charged  accumulator  was 
initially  considered  due  to  the  success 
on  Saturn  V.  While  initial  charging 
could  be  satisfied,  engine  cutoff  would 
result  in  release  of  helium  to  the  HPOTP 
with  gross  cavitation  and  pump  overspeed. 
Venting  and  level  control  were  not  feasi¬ 
ble.  Bellows  with  low  spring  rate  and 
structural  stability  could  not  be  de¬ 
signed  in  the  available  volume  (Figure 
5).  A  plug  valve  at  the  suppressor 
throat  added  significant  weight  and 
operational  complexity.  No  desirable 
helium  system  was  found. 

An  accumulator,  mounted  remotely 
where  more  volume  was  available,  was 
assessed.  The  inertia  of  the  fluid 
column  was  so  large  that  the  frequency 
range  and  suppression  capability  was 
very  limited. 

As  a  spin-off  from  an  LeRC  (Lewis  Re¬ 
search  Center)  contract,  an  active  Pogo 
contract  was  designed.  Essentially  the 
control  sensed  vehicle  velocity  and  used 
it  to  drive  a  piston  mounted  in  a  tee  at 
the  pump  inlet  as  in  Figure  6  and  7,  As 
the  aft  end  of  the  vehicle  moves  forward, 
the  piston  moved  outward.  Since  fluid 
compression  at  the  pump  inlet  is  pre¬ 
vented,  no  significant  pressure  oscilla¬ 
tions  are  generated  due  to  structural 
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FIG.  o-BELLOWS  SYSTEM  SCHEMATIC 


motion  and  the  engine  feedback  gain  is 
reduced.  Tests  and  MSFC  analysis  in¬ 
dicated  significant  pressure  attenuation 
in  the  low  frequency  range.  The  most 
significant  problem  was  design  of  a  fil¬ 
ter  to  attenuate  pulser  motion  at  higher 
frequencies  while  providing  less  ^  in  90fe 
phase  error  through  the  control  lr  op. 

This  problem  is  identical  to  that  of 
active  dampers  in  large  structures. 

While  the  problems  of  a  wider  bandwidth 
hydraulic  servovalve  and  an  adequate 
filter  were  being  worked,  meetings  with 
the  vehicle  contractor  indicated  that 


any  additional  hydraulic  requirement 
would  be  assessed  a  1000  lb  weight  penal¬ 
ty  since  the  hydraulics  capability  of 
the  vehicle  was  already  at  its  limit. 

The  active  suppressor  actively  was  cur¬ 
tailed  . 

The  fourth  concept  was  an  accumula¬ 
tor  for  the  liquid  oxygen  system  using 
hot  gaseous  oxygen.  This  supply  was 
available  from  an  engine  heat  exchanger 
which  supplies  pressurant  for  the  ex¬ 
ternal  tank.  The  major  potential  pro¬ 
blem  was  ullage  stability  due  to  heat 
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and  mass  transfer  across  the  free  gas- 
liquid  interface.  "his  problem  involved 
the  effects  of  sloshing,  circulation  of 
the  liquid  below  the  interface  and  the 
design  of  a  good  diffuser.  The  original 
concept  is  shown  in  Figure  8. 

The  suppressor  system?  design  is 
shown  in  Figure  9.  The  ac. cvir"lat  jr  is 
helium  charged  during  engine  stc..  t  to 
about  2/3  its  u^age  capability.  Tv 


charging  valve  is  then  shuttled  to 
allow  flow  of  hot  oxygen  gas  (GOX), 
cutting  off  the  helium  flow.  Ullage 
level  is  controlled  by  a  tube  with  bleed 
holes  at  the  desired  interface  level. 

The  mixed  gas-liquid  bleed  flow  re¬ 
circulates  into  the  propellant  system 
about  15  ft.  upstream  of  the  LPOTP.  Ai 
cute f t  most  ■'?  th°  gas  vents  through  the 
level  ccutrc.'  .  A  small  amount  may  enter 
the  main  duct  but  is  collapsed  by  the 
flow  in  tha  main  duct.  Later  during 
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FIG.  9 

POGO  SUPPRESSION  SYSTEM  SCHEMATIC 
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engine  testing  it  was  found  that  a  surge 
at  engine  cutoff  could  collapse  the  cavi¬ 
ty  sending  a  sharp  water-hammer  wave  in¬ 
to  the  propellant  system.  A  small  a- 
mount  of  helium  is  now  adc’ed  during  the 
cutoff  sequence  to  eliminate  the  surge. 
This  suppressor  was  chosen  for  the 
engine  baseline  primarily  for  its  light 
weight  (60  lb/engine)  and  simplicity  of 
operation.  The  actual  Pogo  suppression 
system  installation  is  shown  in  Figure 
10. 


Initial  tests  using  low  liquid  flow 
rates  and  gaseous  nitrogen  were  run  to 
verify  the  level  control  concept  and 
the  stability  of  a  liquid-gas  interface. 
A  plastic  accumulator  was  also  run  with 
gaseous  nitrogen  and  water  to  evaluate 
baffle  requirements  to  jninimize  sloshing. 


APPROACH  TO  MODEL  CONSTRUCTION  AND 
VERIFICATION 

A  schematic  of  the  SSME  is  shown  in 
Figure  11.  The  interface  is  at  the  in¬ 
let  to  the  low  pressure  pumps.  Fre¬ 
quency  dependent  equations  representing 
the  engines  are  required  for  the  large 
vehicle  stability  models.  At  a  mini¬ 
mum,  transfer  functions  are  required  for 
the  engine  inlet  impedance  (APq/  All) 
and  the  thrust  transfer  function  (AF/A!£j>. 
A  detailed  linear  model  of  the  engine 
was  formulated  for  frequency  domain  solu¬ 
tion  with  input  interfaces  at  both  the 
fuel  and  oxidizer  low  pressure  pump  in¬ 
let  flanges.  A  schematic  of  this  model 
is  contained  in  Figure  12 


While  only  transfer  functions  con¬ 
necting  the  interfaces  are  required, 
simpler  transfer-  functions  breaking  the 
SSME  into  three  subsystems  were  more 
desirable.  Interfaces  were  chosen  at 
the  low  pressure  fuel  and  oxidizer  pump 
inlet,  the  inlet  to  high  pressure 
oxidizer  pump  and  the  suppressor  tap-off 
point.  The  subsystems  then  were  the 
LPOTP  -  oxidizer  intemump  duct,  the 
suppressor  and  the  powerhead.  The 
powerhead  includes  the  closed  loop  con¬ 
trol  system,  preburners  and  thrust 
chamber  and  the  complete  fuel  system  to 
the  vehicle-engine  interface.  Split¬ 
ting  the  engine  into  subsystems  followed 
the  plan  of  subsystem  testing  and  veri¬ 
fication.  Further,  vehicle  stability 
models  are  quite  complicated  and  sub¬ 
systems  which  can  be  described  with  low 
order  frequency  dependent  polynomials 
are  preferred  to  a  few  high  order  poly¬ 
nomials  . 

The  initial  analysis  of  fuel  system 
interaction  indicated  that  due  to  the 
low  density  of  liquid  hydrogen,  the 
vehicle  geometry  and  the  engine  mixture 
ratio,  the  contribution  of  the  fuel  sys¬ 
tem  to  Pogo  was  very  small.  The  effect 
of  the  fuel  system  feedback  was  actually 
less  than  the  predicted  error  band  of 
the  oxidizer  system  and  was  not  required 
in  initial  analysis.  These  effects  how¬ 
ever  were  available  for  final  vehicle 
verification  studies. 

While  the  engine  model  was  quite  de¬ 
tailed,  coefficients  associated  with 
pump  cavitation  and  suppressor  dynamics 
could  only  be  estimated. 


FIG.  10  -  POGO  SUPPRESSION  SYSTEM  INSTALLATION 


MEASUREMENT  DESCRIPTION 

1  LOW  PRESSURE  OXIDIZER  PUMP  INLET  PRESSURE  (LPOP) 

2  HIGH  PRESSURE  OXIDIZER  TURBOPUMP  INLET  PRESSURE  (HPOP) 

3  MAIN  ENGINE  CHAMBER  PRESSURE  (MCC) 

4  PULSER  DISPLACEMENT 


FIG.  13-  GENERAL  SCHEMATIC  OF  SSME  POGO 
PULSING  SYSTEM 


The  models  did  allow  vehicle  stability 
studies  to  proceed  by  the  use  of  liberal 
tolerances  on  the  estimated  coefficients. 
The  engine  models  also  allowed  early  pre¬ 
test  simulation  cf  engine  testing  on 
the  various  test  stands  so  that  testing 
methods  and  hardware  could  be  designed. 


TEST  METHOD  DEVELOPMENT 

The  plan  was  to  sinusoidally  ex¬ 
cite  the  oxidizer  feed  system  over  the 
1^5  to  50  Hz  range.  The  transmission  of 
the  disturbance  would  then  be  measured 
at  the  LPOTP  inlet  and  outlet,  HPOTP 
inlet  and  in  main  chamber  pressure.  Fig. 
13.  It  was  also  planned  to  develop  4- 
terminal  transfer  functions  for  the  LPOTP 
which  could  be  compared  with  work  being 
performed  at  CIT  (Calif.  Institute  of 
Technology).  The  engine  and  test  stand 
model  was  used  to  define  the  capability 
of  an  inlet  system  pulser,  to  provide 
excitation  through  the  engine  system  so 
that  instrumentation  requirements  could 
be  defined  and  to  test  out  data  reduction 
methods . 

Accuracy  requirements  For  engine 
transfer  functions  were  tentatively  set 
at  10  percent  on  amplitude  and  10  de¬ 
grees  on  phase.  To  achieve  this 


accuracy  requires  an  even  greater  accura¬ 
cy  for  the  measurements  used  to  obtain 
the  transfer  functions.  A  goal  of  5% 
amplitude  error  and  5°  phase  error  on 
any  measurement  relative  to  the  excita¬ 
tion  input  was  defined.  This  error  in¬ 
cludes  the  transducer,  recording  system, 
spectral  analyzer  and  inherent  signal/ 
noise  effects  at  the  measurement  point. 
Assuming  excitation  producing  10  psi  P-P 
at  the  engine  inlet  (10%  of  steady  state), 
the  pressure  fluctuations  should  be  a- 
bout  10  psi  P-P  (2%  cf  SS)  at  the  HPOTP 
inlet  and  about  3  ps1'  P-P  (1/10%  of  S3) 
in  chamber  pressure.  Flow  fluctuations 
should  be  about  1/10%  of  SS.  AC  coupled 
pressure  transducers  (PCB)  with  integral 
first  stage  amplifiers  allowed  a  high 
signal  level  which  minimized  instrumenta¬ 
tion  and  recording  system  noise.  Spec¬ 
tral  cross-correlation  using  the  Time/ 
Data  i932  at  Rocketdyne  and  Hewlett 
Packard  5451C  Fourier  Analyzer  at  MSFC 
provided  a  very  low  noise  method  for 
data  processing.  Remaining  noise  inher¬ 
ent  in  the  engine  system  became  the 
limit  for  pressure  measurement  accuracy. 
That  level  was  approximately  0.2  psi 
squared  per  Hertz. 

Pow  measurements  to  support  evalu¬ 
ation  of  4-termir.al  pump  transfer  func¬ 
tion  definition  were  not  accomplished. 
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Several  approaches  were  attempted,  how¬ 
ever,  the  best  being  a  meter  developed 
by  0NERA  (Office  National  D' Etudes  Et  De 
Researches  Aerospatiales ) .  The  meter 
had  excellent  accuracy  and  response  as 
shown  in  tests  at  the  NASA  Langley  Re¬ 
search  Center  and  at  Rockwell's  Space 
Systems  Division.  Signal/noise  ratio  in 
the  actual  application  to  Rocketdyne  test¬ 
ing,  however,  showed  that  it  was  not 
applicable  to  SSME  testing.  A  1%  flow 
variation  at  7  Hz  requires  nearly  70 
seconds  for  10%  accuracy;  see  Figure  14. 
With  expected  flow  variations  .n  the 
range  of  1/10%,  the  engine  test  time  re¬ 
quired  for  meaningful  accuracy  was  pro- 
hiDitive.  It  was  quite  obvious  that  the 
4-terminal  pump  dynamics  could  not  be 
directly  evaluated. 

The  system  excitation  device  chosen 
for  all  transfer  function  testing  was 
the  hydraulic  servo  driven  piston,  pulser, 
shown  in  Figure  15.  Initially  the  elec¬ 
tronics  were  designed  so  that  pulser 
position  followed  input  voltage  but  stu¬ 
dies  showed  that  it  was  preferable  to  use 
a  nearly  constant  flow  rate  excitation 
over  the  frequency  range.  The  electro¬ 
nics  were  then  changed  so  that  for  fre¬ 
quencies  from  2  to  50  Hz  the  flow  rate 


produced  by  the  device  was  proportional 
to  the  input  voltage.  Later,  when  the 
device  was  chosen  for  use  on  the  MPTA 
(Main  Propulsion  Test  Article)  stroke 
and  velocity  limiting  circuits  were 
added  for  safety.  With  the  servo  driven 
pulser,  any  excitation  profile  could  be 
used.  The  most  desirable  mode  of  test¬ 
ing  involved  prerecording  the  profile  on 
FM  tape  and  playing  it  into  the  pulser 
electronics  during  the  test.  Gain  of  the 
input  signal  could  be  adjusted  during  a 
test . 

Approximately  300  seconds  is  avail¬ 
able  for  a  single  engine  test.  This  is 
limited  by  the  size  of  the  propellant 
tanks.  If  one  test  is  available  to  ob¬ 
tain  transfer  functions  for  each  combi¬ 
nation  of  inlet  pressure  and  engine 
power  level,  the  problem  is  to  cover  the 
required  2  to  40  Kz  range  in  an 
efficient  and  safe  manner. 

Simulations  indicated  that,  with 
constant  bandwidth  soectral  processing, 
a  linear  frequency  sweep  produces  uni¬ 
form  power  across  the  frequency  band  ex¬ 
cept  for  transient  lobes  at  both  ends  of 
the  frequency  band.  Using  spectral 
averamina  techniques  and  starting  each 
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FIG.  in-  TRANSIENT  ! lAKIMU”  DEEPCNSE  FOR 
SWEPT  SINE  EXCITATION  OF  A  SECOND  ORDER  SYSTEM 


sweep  with  a  unique  initial  condition  re¬ 
sults  in  a  very  uniform  power  spectrum. 
While  a  sweep  does  not  give  the  accuracy 
of  dwell  excitation  at  any  particular 
frequency,  it  does  a  good  job  over  the 
entire  range.  The  effect  of  sweep  rate 
was  then  investigated  by  applying  the 
excitation  to  a  second  order  system  and 
determining  the  velocity  response  func¬ 
tion  with  the  Time/Data  1932.  Except 
for  systems  with  extremely  small  damping 
the  transfer  function  accuracy  was  only 
a  function  of  accumulated  test  time  re¬ 
gardless  of  the  sweep  rate.  It  became 
obvious  that  much  of  the  prejudice 
against  the  use  of  fast  sweep  techniques 
was  associated  with  its  use  in  very 
lightly  damped  systems  and  by  those 
using  tracking  filter  techniques  rather 
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than  spectral  analyzers.  Figure  13  is  a 
non-dimensicnal  plot  of  the  attenuation 
of  peak  velocity  obtained  by  fast  sweep¬ 
ing  compared  with  the  peak  velocity  ob¬ 
tained  from  a  dwell  or  slow  sweep  test. 
The  conclusion  was  that  sweeps  as  fast 
as  5  tc  10  sec.,  from  2  to  5  Hz  could  be 
used  in  SSME  testing. 


SUBSYSTEM  TESTING 

Component  interactions  in  real  sys¬ 
tems  obey  Murphy's  first  law,  so,  to 
avoid  program  impacts,  a  major  subsystem 
test  facility  was  activated.  The  sub¬ 
system  was  composed  of  an  LFOTP  modified 
for  electric  motor  drive,  an  interpuip 
duct  and  a  bread-board  suppressor.  The 
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existing  facility  was  modified  as  shown 
in  F’gure  17  to  anchor  the  inlet  direct¬ 
ly  into  the  ground.  An  oil  fired  heat 
exchanger  was  installed  to  provide  hot 
oxygen  and  a  large  decoupling  accumulator 
was  installed  downstream  of  the  test  sys¬ 
tem  orifice  in  the  propellant  return 
line  (Figure  18). 

The  first  phase  of  testing  estab¬ 
lished  the  static  cavitation  performance 
of  the  LFOTP  verifying  its  design  goals. 
System  testing  under  flow  without  the 
suppressor  was  next.  A  fast  sweep  pro¬ 
file  was  used  and  the  noise  problem 
associated  with  flow  measurement  was 
recognized.  Initially  the  problem  was 
thought  to  be  the  result  of  bubbles  in 
the  .liquid  oxygen  flow  stream  affecting 
the  ultrasonic  beam.  Even  dwell  pulsing 
did  not  improve  the  data  significantly. 

After  the  matrix  of  inlet  pressure 
and  simulated  power  level  was  complete 
the  suppressor  was  installed.  Initial 
checkout  tests  resulted  in  a  surging 
condition  in  the  system.  At  low  helium 
and  liquid  oxygen  flows  the  system  was 
stable.  Alternate  diffuser  designs  and 
use  of  gaseous  oxygen  increased  the 
stability  range  somewhat  but  surging  still 
continued  at  flows  corresponding  to  50% 
of  full  power  level.  Tests  of  the  plas¬ 
tic  accumulator  in  a  system  using  water 
and  gaseous  nitrogen  showed  the  problem 
to  be  associated  with  high  circulation 
in  the  suppressor,  leading  to  cyclic 


flushing  of  the  ullage.  Several  designs 
were  tried  to  suppress  the  circulation 
without  adding  appreciable  neck  iner- 
tance  or  resistance.  The  L-baffle  shown 
in  Figure  19  was  chosen  on  the  basis 
of  best  stability  and  performance.  Tests 
were  then  run  over  the  operational  range 
to  verify  ullage  stability,  gaseous  oxy¬ 
gen  flow  requirements  and  to  obtain  dy¬ 
namic  data  to  verify  suppressor  inertarce 
and  compliance. 

The  subsystem  tests,  while  not  pro¬ 
viding  all  the  information  desired,  were 
sufficient  to  verify  the  suppressor 
characteristics ,  to  evaluate  compliance 
and  inertance  values  and  to  ensure 
compatibility  with  the  LPOTP-interpump 
duct  system.  The  strengths  and  weak¬ 
nesses  of  fast  sweep  testing  were  also 
defined.  The  next  step  was  verification 
of  suppressor  operation  in  single  engine 
testing. 


SINGLE  ENGINE  TESTING 

The  engine  test  program  was  being 
conducted  on  test  stands  A-l  and  A-2  at 
NSTL  (National  Space  Technology  Labora¬ 
tories)  in  Mississippi  .  Modifications  to 
include  a  pulser  tee  and  hydraulics  as 
well  as  a  level  control  recirculation 
line  were  made  to  the  facilities.  Ini¬ 
tial  dynamic  tests  showed  rather  lower 
pressure  response  to  pulsing  than  had 
been  anticipated.  Ultrasonic  flow  meter 
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ports  which  had  been  added  earlier  were 
utilized  and  again  confirmed  the  flow 
noise  level  previously  found  in  subsys¬ 
tem  testing. 


During  static  engine  firings,  an 
occasional  tendency  for  bubble  collapse 
at  high  power  levels  and  with  engine 
throttling  transients  was  noted.  Al¬ 
though  the  ullage  re-established,  an 
additional  stage  of  baffling  was  added. 
These  are  shown  in  Figure  20. 

Before  a  significant  amount  of  dy¬ 
namic  testing  could  be  accomplished,  an 
additional  test  stand  (A- 3)  was  activa¬ 
ted  in  Rocketdyne's  Santa  Susana  Test 
Facility,  At  that  time  a  program  de¬ 
cision  was  made  to  dedicate  all  testing 
at  NSTL  to  verification  firings  for  th> 
flight  engines.  All  Pogo  testing  was 
switched  to  A-3. 

From  the  minimal  dynamic  tests  run 
at  NSTL  it  was  obvious  that  a  combination 
of  fast  sweep  and  dwell  excitation  was 
necessary  to  obtain  the  best  data  over 
the  frequency  range  required.  The  ex¬ 
citation  profile  used  in  this  testing 
is  shown  in  Figure  21.  The  initial  100 
sec  was  composed  of  a  fast  sweep  from 
l*j  co  SO  to  m  etc.  with  a  cycle  time  of 
15  seconds.  This  resulted  in  about  six 
complete  sweep  cycles.  Following  this 
was  20  seconds  at  4  Hz  and  10  seconds 
each  at  5  Hz  increments  to  50  Hz  for  a 
total  of  110  sec  of  dwell.  Since  tests 
were  normally  about  300  seconds,  the 
first  30  seconds  were  used  for  other 
test  objectives  i.e. ;  for  adjusting  in¬ 
let  pressure  and  power  level  and  for  all 
AC  coupled  instruments  to  settle  out. 

The  gain  between  the  FM  tape  recor¬ 
ded  reference  voltage  and  the  pulser  was 
adjusted  to  ensure  a  safe  but  adequate 
pressure  oscillation  at  the  engine  inlet. 
Normally  this  took  about  2  full  sweeps. 
Data  was  then  obtained  at  a  constant 
gain  setting  for  the  remainder  of  the 
fast  sweeps  and  through  the  dwell  por- 
ion . 


The  most  cri.ical  dynamic  data 
collected  in  a  test  included  piston 
input  signal  and  pressures  et  ths  piston, 
the  engine  inlet  (LPOP),  the  HPOTP  inlet, 
the  suppressor  ullage  and  in  the  main 
combustion  chamber  pressure  (see  Figure 
13).  These  data  were  recorded  on  FM 
magnetic  tape  for  spectral  analysis. 

The  test  matrix  was  composed  of 
engine  operation  at  70%  and  100%  power 
level  with  inlet  pressures  of  100  and 
45  psia  with  and  without  the  suppressor 
installed.  Repeat  tests  were  run  to 
provide  a  measure  of  test  to  test  differ¬ 
ences  and  whenever  a  primary  measurement 
was  of  questionable  quality. 


DATA  ANALYSIS 

Although  strip  charts  provided  a 
quick  look  for  data  quality,  all  data 
reduction  was  done  using  Rocketdyne’s 
Time/Data  1932  real-time  time-series 
analyzer  and  MSFC's  5451C  Fourier  Analy¬ 
zer.  Transfer  functions  for  each 
pressure  relative  to  the  input  pulser 
signal  were  commuted  using  a  50  Hz  low 
pass  anti-aliasing  filter  and  %  Hz  analy¬ 
sis  bandwidth  with  a  spectral  band  of  0 
to  100  Hz. 

A  typical  set  of  reduced  data  is 
shown  in  Figures  22  through  26  al¬ 
though  a  listing  of  the  data  was  actual¬ 
ly  used  to  develop  transfer  functions 
for  the  subBtructured  engine.  Data  were 
analyzed  with  spectral  avex'aging  in  two 
independant  sections,  the  fast  sweep  and 
dwell  segments.  Some  of  the  single  fre¬ 
quency  dwell  segments  were  analyzed 
separately  but  the  minor  change  in  data 
quality  did  not  warrant  this  effort. 

After  spectral  data  were  reduced  re¬ 
lative  to  the  pulser  they  were  algebra¬ 
ically  manipulated  to  obtain  the  sub- 
structured  engine  transfer  functions. 

A  special  software  package  has  been  de¬ 
veloped  for  use  on  the  HP5451C  (Ref.  1). 
This  approach  is  shown  as  follows: 


Accelerometers  installed  at  criti¬ 
cal  locations  on  the  facility  were  ini¬ 
tially  monitored  to  prevent  test  stand 
dam.'ge.  Note  that  a  12"  diameter  feed¬ 
line  pressurized  to  20  psi  develops  a 
separrting  force  of  over  a  ton.  With 
1%  structural  damping,  a  +10  psi 
pressure  oscillation  can  develop  equiva¬ 
lent  static  loads  of  over  50  tons  peak 
to  peak.  Since  structural  resonances  in 
the  test  stand  did  not  correspond  to 
feed  system  resonant  frequencies  where 
large  oscillatory  pressures  were  genera¬ 
ted,  no  serious  test  stand  loads  were 
generated. 


Let : 


Fx  (f)  -*  Fourier  Spectrum  of  Input 
Fy  (f)  •*  Fourier  Spectrum  of  Output 


The  Transfer  Function  is  then  Defined 
As : 


HXY  (f) 


(f 

TTT 


Where : 


FXy  (f)  *  Cross  Spectrum 


1% 


20.53 


FIG.  21 

POGO  PULSER  DRIVE  TAPE  FOR 
SINGLE  ENGINE  TESTS  ON  A-3 


FIG.  20-  POGO  SPLASH  PLATE 
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FIG,  22 


Fxx  (f)  Auto  Spectrum 

Using  the  concept  of  referencing  to  a 
common  signal  (the  Pulser)  the  transfer 
function  and  coherence  becomes: 


H„,  (f)  *  H24  (f)  =  F24  <f)/F44  <f> 


H14'nr 


H,ta  (f)  F34  <f)/F44  (f) 

H32  <f)  5  H24 TTT  *  F24  <fVP44  TFT 

MCC/HPOP-„ 


H34  (f) 

H3i  <f)  *  h14  m 


F34  (f)/F44  (f) 


MCC/LPOP, 


hpopin/lpopin 
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FIG.  23 


(right) 

TRANSFER  FUNCTION  GAIN 
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TRANSFER  FUNCTION  PHASE 
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FIG.  25 
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FIG.  26 


The  coherence  (squared)  for  HPOPIfJ/LPOPIN 
Is: 


HPOTP  cavitation  compliance  was  required 
to  justify  the  model  with  the  test  data. 
The  gain  of  the  LPOTP-Duct  is  slightly 
less  than  predicted  while  the  Power  Head 
gain  is  slightly  higher  than  predicted. 
Resonant  dipoles  were  found  in  the  LPOTP- 
Interpump  Duct  response  (Figure  27) 
which  were  most  readily  justified  with 
structural  motion  of  the  flexible  duct. 


The  subscripts  in  these  equations  refer 
to  the  measurement  numbers  in  Figure  13. 

This  approach  minimised  correlation 
of  signals  in  the  parameters  which  are 
coherent  but  generated  in  the  engine  it¬ 
self.  This  engine  generated  noise  is 
not  associated  with  Pogo  signals  which 
are  generated  upstream  of  the  engine 
and  yet  this  engine  noise  shows  high  co¬ 
herence  (and  erroneously  high  engine 
gain)  if  the  pressures  are  correlated 
directly.  Using  the  known  disturbance 
as  an  intermediate  reference  minimises 
engine  generated  noise  effects. 


INTERPRETATION  OF  SINGLE  ENGINE  TEST 
DATA 


The  two  major  transfer  functions 
are  the  LPOTP  -  Interpump  Duct-Suppres- 
X*€» 


sor  HPOPIN/LPOPTN 


(  A  P0S2/&P0S1) 


and  the  Power  Head  MCC/HPOP, 
v  A  P  /  A  P„ 
transfer 


sad  MCC/HPOPin;  i.e. 

.).  The  low  pressure  system 
function  changes  dramatically 
dependent  on  whether  the  suppressor  is 
or  is  not  active.  Figures  27  and  28 
compare  the  test  results  and  the  origi¬ 
nal  predictions. 


Comparison  of  test  data  with  pre¬ 
dictions  for  the  system  with  no  suppres¬ 
sor  indicated  that  only  a  very  small 


Correlation  of  the  model  with  data 
from  tests  with  a  suppressor  installed 
resulted  in  well  defined  values  of  R,  L 
end  C  for  the  suppressor  which  were 
within  the  design  goals.  Best  of  all, 
the  suppressor  Is  an  excellent  filter 
in  the  5  to  40  He  range  with  no  unexpect¬ 
ed  adverse  response.  Gain  below  4  Hz  is 
almost  unaffected  by  the  suppressor  al¬ 
though  there  is  a  phase  affect.  The 
supprussor  effectively  operates  as  a 
notch  filter. 

The  Power  Head  should  be  defined 
accurately  only  without  the  suppressor 
since  both  the  HPOTP  inlet  and  main 
combustion  chamber  pressure  oscillations 
developed  by  the  pulser  were  severely 
attenuated  by  the  suppressor.  Thrust 
chamber  pressure  noise  generated  in  the 
engine  was  not  affected  by  the  suppres¬ 
sor  and  the  noise  at  the  HPOTP  was  only 
slightly  reduced.  The  net  effect  was  a 
decrease  in  signal  to  noise  ratio  in 
both  measurements  but  to  a  very  great 
extent  in  thrust  chamber  pressure.  A 
comparison  of  the  predicted  and  demon¬ 
strated  full  engine  transfer  function 
(MCC/LPOPt..)  without  suppressor  is 
shown  in  Figure  29. 

Extensive  transfer  function  analy¬ 
sis  has  been  performed  on  the  SSME  Pogo 
data  obtained  to  date.  A  representative 
reporting  of  these  results  is  given  in 
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tum  use* 


FIG.  27 


Low-Pressure  Oxidizer  Turbopump  Duct  Response  IIPOTP  Inlet  Pressure  Response  to 


3  thru  6 .  Some  test  data  was  analyzed 
using  a  narrower  spectral  bandwidth  0/5 
Hz).  Since  only  10  seconds  were  avail¬ 
able  for  each  dwell  frequency,  this 
allowed  only  a  two  sample  coverage.  With 
such  a  small  sample  the  calculation  in¬ 
dicated  higher  gain  (due  to  the  noise 
bias)  and  higher  coherence  (a  single 
frame  would  show  100%  coherence). 


LPOTP  COMPLIANCE 

In  parallel  with  the  Rocketdyne 
testing,  CIT  (California  Institute  of 
Technology)  conducted  4-terminal  trans¬ 
fer  function  tests  of  a  V;  scale  model  of 
the  LPOTP  impeller  in  water.  These  tests 
included  excitation  both  upstream  and 
downstream  of  the  pump  ovsr  a  range  of 
inlet  conditions  including  deep  cavita¬ 
tion.  The  results  of  these  studies  are 
partially  represented  in  references  7 
through  21. 

In  actual  vehicle  use  the  inlet 
NPSH  (net  positive  suction  head)  is_ 
higher  than  the  critical  value.  This 
allows  low  risk  extrapolation  of  the  CIT 
results  in  water  to  the  full  size  pump 
in  liquid  oxygen.  A  liberal  band  was 
placed  on  the  extrapolated  compliance 
values.  Fortunately  the  feed  system 
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FIG.  29-  ENGINE  Rl;..P0,,Rr.  C!.V 


dynamics  are  such  that  the  changes  in 
pump  compliance  cause  only  a  small  feed¬ 
line  frequency  shift. 


SUMMARY 

A  simple  analogy  of  engine  feedback 
in  the  Pogo  loop  indicates  that  the  high 
pressure  design  of  the  SSME  should  re¬ 
sult  in  the  vehicle  having  considerably 
greater  stability  than  vehicles  using 
engines  with  lower  internal  pressure 
levels. 

The  initial  analytical  estimates  of 
engine  transfer  functions  were  in  good 
agreement  with  data  obtained  from  engine 
and  subsystem  test.  Over  the  expected 
operating  range*  cavitation  affects  are 
minor . 

The  suppressor  design  using  liquid 
and  gaseous  oxygen  is  quite  stable  and 
an  effective  notch  filter  for  the  sys¬ 
tem.  All  the  major  problems  of  ullage 
stability  involved  circulation  in  the 
liquid  below  the  liquid-gas  interface. 
Design  estimates  of  the  compliance  and 
inertance  of  the  design  were  conserva¬ 
tive  although  the  effective  resistance 
exceeded  the  initial  estimate. 

The  use  of  a  fast  linear  swept  sine 
wave  is  feasible  and  desirable  in  deter¬ 
mining  transfer  functions  over  a  wide 
frequency  band.  The  additi  mal  use  of 
a  few  dwell  excitation  frequencies  in 
the  spectrum  to  provide  accurate  bench 
marks  was  also  required. 

The  best  excitation  for  the  system 
involved  constant  velocity  disturbances 
(flow  rate  perturbation)  over  the  fre¬ 
quency  band.  The  redesign  of  the  pulses 
electronics  to  produce  piston  velocity 
proportional  to  command  voltage  elimina¬ 
ted  input  signal/noise  problems  in  the 
high  frequency  range  and  allowed  safety 
circuits  to  be  included  in  the  electro¬ 
nic  package. 
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SRB  cavity  collapse  flight  measurements  Included  external  pressures  on 
the  motor  case  and  aft  skirt,  Internal  motor  case  pressures,  accelero- 
meters  located  In  the  forward  skirt,  mid-body  area,  and  aft  skirt,  as 
well  as  strain  gages  located  on  the  skin  of  the  motor  case.  This  flight 
data  yielded  applied  pressure  longitudinal  and  circumferential  distri¬ 
butions  which  compare  well  with  model  test  predictions.  The  Internal 
motor  case  ullage  pressure,  which  Is  below  atmospheric  due  to  the  rapid 
cooling  of  the  hot  Internal  gas,  was  more  severe  (lower)  than  anticipated 
due  to  the  ullage  gas  being  hotter  than  predicted.  The  structural  dyna¬ 
mic  response  characteristics  were  as  expected.  Structural  ring  and  wall 
damage  are  detailed  and  are  considered  to  be  attributable  to  the  direct 
application  of  cavity  collapse  pressure  combined  with  the  structurally 
destabilizing,  low  Internal  motor  case  pressure. 


INTRODUCTION 

The  Space  Shuttle  vehicle  concept.  Illus¬ 
trated  In  Fig.  1,  was  developed  to  provide  a 
cost  effective  means  for  putting  men  and  pay- 
loads  Into  earth  orbit.  The  primary  cost  sav¬ 
ing  feature  of  the  design  Is  the  reuseablllty 
of  most  of  the  major  elements  Including  the 
two  Solid  Rocket  Boosters  (SRB's).  The  SRB  re¬ 
covery  sequence  consists  of  using  parachutes 
for  deceleration  purposes  followed  by  tall- 
first  water  Impact  at  approximately  90  ft/sec 
and  subsequent  retrieval  at  sea.  Although 
tall -first  water  entry  takes  advantage  of  the 
greater  hydrodynamic  drag  of  this  mode  of  entry 
to  minimize  penetration  depth  and  associated 
hydrostatic  case  pressures,  it  subjects  the 
nozzle,  aft  skirt,  and  aft  bulkhead  to  tremen¬ 
dous  Impact  pressure  loads. 


Fig.  1  -  Shuttle  Vehicle  Configuration 


The  overall  structural  design  of  the  SRB 
was  greatly  Influenced  by  these  loads.  The 
water  Impact  analytical  and  experimental  pro¬ 
gram  task  sequence  to  establish  design  criteria 
Is  Illustrated  In  Fig.  2.  For  the  present 
paper,  emphasis  Is  focused  on  those  tasks 
associated  with  water  Impact  loads  research 
and  loads  definition. 


Fig.  2  -  Integrated  Analytical  and 
Experimental  Program 

Of  particular  Interest  and  Importance  were 
the  8.56%  scale  model  water  Impact  tests  con¬ 
ducted  at  the  Naval  Surface  Weapons  Center  In 
which  extensive  measurements  of  pressures, 
forces  and  accelerations  were  made  during  the 
various  phases  of  water  penetration.  The 
hydrodynamic  phenomena  studied  Included  the 
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dynamic  behavior  of  water  In  the  annulus  be¬ 
tween  the  aft  skirt  and  the  rocket  nozzle ,  In¬ 
gestion  of  water  through  the  nozzle,  cavity  for¬ 
mation  and  collapse,  maximum  penetration  depth, 
rebound  and  slapdown. 

Froude  similarity  relationships,  which  were 
verified  to  be  applicable  for  scaling  the  tran¬ 
sient  loadings,  were  used  to  generate  full 
scale  predictions  of  pressure,  acceleration, 
and  loads  as  functions  of  Initial  Impact  con¬ 
ditions.  These  results  were  used  as  the  basis 
for  water  Impact  design  loads  definition. 

One  of  the  most  significant  loading  events 
from  a  structural  design  viewpoint,  and  the 
subject  of  this  paper,  1$  the  sharply  transient 
pressure  exerted  on  the  motor  case  and  aft 
skirt  upon  collapse  of  the  external  cavity 
generated  during  vehicle  water  penetration.  To 
withstand  these  pressures,  the  aft  motor  case 
Is  stiffened  by  external,  circumferential 
stubs  and  rings  as  shown  in  Fig.  3. 


Fig.  4,  rapid  penetration  of  the  SRB  creates  a 
large,  open  cavity  surrounding  the  tall  of  the 
vehicle.  Prior  to  reaching  maximum  penetration 
depth,  this  cavity  collapses  suddenly  and  gen¬ 
erates  sharp,  large  amplitude  pressures.  Fig. 

4  qualitatively  Illustrates  the  relationship 
between  the  vehicle  Initial  trajectory  at  Im¬ 
pact,  the  asymmetry  of  the  cavity,  and  the 
location  of  the  cavity  collapse  relative  to  the 
centerline  of  the  vehicle.  The  upper  sketch 
presents  an  example  of  Impact  conditions  which 
cause  cavity  collapse  and  peak  pressures  to 
occur  In  the  region  behind  the  vehicle.  A  more 
critical  case  Is  presented  In  the  lower  sketch 
In  which  the  cavity  collapses  on  the  vehicle 
surface  thereby  Inducing  extreme,  sudden  pres¬ 
sures  and  loads. 
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Fig.  3  -  SRB  Water  Impact  Configuration 


The  recent  flight  test  of  the  Space  Shuttle 
System  (STS-1),  where  both  boosters  were  suc¬ 
cessfully  recovered,  has  provided  the  oppor¬ 
tunity  to  analyze  the  validity  of  cavity  col¬ 
lapse  pressure  predictions  through  direct  com¬ 
parison  with  full  scale  measurements. 

The  present  paper  briefly  discusses  the 
significant  cavity  collapse  loading  phenomena 
observed  ana  measured  on  STS-1  relative  to  pre¬ 
dictions  based  on  the  model  tests.  The  dis¬ 
cussion  Includes  applied  loads  comparisons  and 
a  structural  response  summary. 

CAVITY  COLLAPSE  DYNAMICS 


The  various  phases  of  the  water  impact  phe¬ 
nomena  associated  with  tall-first  entry  of  the 
SRB  configuration  have  been  extensively  studied 
In  soale  model  tests  (1)  and  (2).  As  shown  In 


22 


Fig.  4  -  Cavity  Collapse  Dynamics 

High  speed  photographs  of  the  collapse 
phenomenon  in  this  case  show  that  the  Initial 


Mater  contact  occurs  at  a  longitudinal  station 
forward  of  the  aft  skirt,  with  subsequent,  rap* 
Id  fore  and  aft  propagation  of  the  wetted  sur¬ 
face.  Below  the  point  of  Initial  contact,  the 
closing  cavity  Impinges  downward  on  the  flared 
aft  skirt  generating  an  Initial  downward  axial 
acceleration  followed  by  a  net  forward  or  up¬ 
ward  acceleration.  Also,  centerline  asynmetry 
of  cavity  collapse  Induces  lateral  accelerations 
In  the  vehicle. 

STS-1  SRB  INSTRUMENTATION  AND  MEASUREMENTS 

On  the  STS-1  flight,  the  cavity  collapse 
event  was  recorded  by  means  of  8  pressure  trans¬ 
ducers  placed  on  the  external  motor  case  walls 
at  longitudinal  stations  1637-Inches  and  1765- 
Inches,  as  Illustrated  In  Fig.  3.  Three  other 
pressure  transducers  located  to  measure  ex¬ 
ternal  pressure  on  the  aft  skirt  of  the  right 
SRB  were  found  to  be  non-functioning  at  the 
moment  of  impact.  Additional  Instrumentation 
included  4  axial  and  4  tangential  strain  gages 
located  at  station  1758-Inches,  lateral  and 
axial  accelerometers,  and  trl -axial  rate  gyros. 

At  the  moment  of  water  Impact,  sea  condi¬ 
tions  were  very  calm  with  a  wind  speed  of  ap¬ 
proximately  five  knots.  Vertical  velocity  at. 
Impact  was  estimated  from  photographic  data  at 
92  FPS.  The  angle  of  Impact  was  approximately 
zero  degrees.  Acceleration  traces  for  the 
STS-1  SRB  Impact  are  presented  In  Fig.  5.  These 
graphs  show  axial  and  lateral  acceleration  time 
histories  relative  to  launch  time,  T  .  Each 
trace  shows  the  high  "g"  level  of  initial  Im¬ 
pact,  followed  by  the  cavity  collapse  event, 
occurring  about  one  second  later.  Significant 
vehicle  elastic  response  Is  evident  In  each 
trace.  The  lateral  acceleration  levels  meas¬ 
ured  are  consistent  with  predictions  based  on 
model  data  for  the  observed  Initial  conditions 
at  Impact.  The  axial  accelerations  are  ap¬ 
proximately  20i  lower  than  predicted. 


165  pslg  Is  observed  at  a  circumferential  loca- 
.  tlon  of  0  »  45°  at  station  1765-Inches.  Shortly 
afterward  a  smaller  peak  pressure  Is  observed 
at  the  same  circumferential  location  at  stctlon 
1637.  Correlation  of  these  data  with  the  Ini¬ 
tial  conditions  at  Impact,  and  acceleration  and 
rate  data  suggest  that  cavity  collapse  occurred 
on  the  surface  of  the  vehicle  In  the  approximate 
circumferential  range  between  0  *  -45°  to  +135°. 

All  other  pressure  data  at  other  circumfer¬ 
ential  locations  shows  gradual  Increases  prior 
to  the  Instant  of  cavity  collapse,  Indicative 
of  a  wetted  keel -side  surface  with  Increasing 
depth  of  Immersion  or  penetration.  The  Instant 
of  cavity  collapse  on  these  traces  Is  indicated 
by  a  slight  Increase  In  pressure  coupled  with 
an  unexplained  oscillation.  The  pressure  fluc¬ 
tuation  approximately  0.5  seconds  ahead  of  cav¬ 
ity  collapse  at  0  ■  225°  for  both  measurement 
stations  Is  thought  to  be  wave  slap  from  Ini¬ 
tial  Impact. 

Circumferential  plots  of  the  pressure  meas¬ 
urements  at  the  Instant  of  cavity  contact  at 
station  1765  are  presented  In  Fig.  7.  At  this 
Instant,  the  cavity  has  not  yet  contacted  the 
surface  at  station  1637,  which  explains  the 
zero  pressure  reading  at  0  -  45°.  The  solid 
lines  represent  the  predictions  based  on  model 
tests.  Also  Included  on  Fig.  7  Is  the  cavity 
collapse  longitudinal  pressure  distribution  as 
measured  and  predicted.  The  STS-1  data  shows 
a  perceptible  shift  forward  resulting  from 
greater  depth  of  penetration  at  the  onset  of 
cavity  collapse  than  predicted  from  model  tests. 
The  greater  penetration  of  each  booster  occurr¬ 
ed  because  of  unexpected  and  significant  re¬ 
ductions  of  Internal  case  ullage  pressure  at 
Impact,  as  shown  In  Fig.  8.  These  pressure 
reductions  and  the  subsequent  reduction  In 
bouyancy  were  caused  by  quenching  of  the  hot 
ullage  gases  as  water  sprayed  through  the  rocket 
nozzle  on  Impact. 
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Fig.  5  -  SRS  STS-1  Water  Impact 
Accelerations 


Figure  9  Is  a  pictorial  assessment  of  the 
water  Impact  damage  on  each  aft  motor  case  and 
skirt.  This  diagram  Includes  both  Initial 
impact  Internal  and  cavity  collapse  external 
damage.  As  a  result  of  cavity  collapse  loads 
and  the  structural  destabilization  caused  by 
lower  ullage  pressure,  extensive  ring  damage 
occurred  on  both  SRB’s  In  the  form  of  sheared 
bolts  which  fastened  the  rings  to  the  motor 
case.  In  addition,  motor  case  permanent  de¬ 
flection  or  dimpling  was  observed  on  the  left 
SRB. 


Fig.  10  presents  the  strain  data  which 
Indicates  a  partial  shell  buckling  at  cavity 
collapse. 


Fig.  6  shows  the  time  history  of  pressure 
measured  on  the  aft  motor  case  of  the  right 
SRB.  A  sharp  pressure  pulse  of  approximately 
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Fig.  7  -  SRB  STS-1  Cavity  Collapse  Pressure  Distribution 
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Fig.  8  -  SRB  STS-1  Internal  Case  Ullage  Gas  Pressure 
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Fig.  9  -  SRB  STS-1  Water  Impact  Damage  Summary 
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Fig.  10  -  Left  SRB  STS-1  Aft  Case  Segment  Strains 


SUMMARY 

Measurements  obtained  from  the  first  Space 
Shuttle  Solid  Rocket  Booster  Indicate  high  water 
Impact  cavity  collapse  pressures  consistent 
with  the  preflight  predictions  which  are  based 
on  scale  model  test  results.  Cavity  collapse, 
however,  occurred  at  a  deeper  penetration  depth 
than  predicted.  This  was  due  to  the  high  In¬ 
ternal  case  ullage  gas  temperature  which  caused 
a  significant  pressure  drop  at  Impact  of  -10 
pslg  on  the  left  SRB.  Although  some  damage  was 
sustained  due  to  cavity  collapse  loads,  the 
motor  case  has  been  deemed  reuseable. 
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Recovery  of  the  Spece  Shuttle  Solid  Rocket  Boosters  required  development  of 
a  heavy  duty  large  decelerator  subsystem.  Successful  recovery  of  the  first 
launch  palr'of  boosters  demonstrated  the  adequacy  o'  the  design.  Flight  data 
consisting  of  accelerometers  and  parachute  attach  point  loads  provide  a  basis 
for  evaluation  of  the  decelerator  subsystem  performance.  These  results  are 
suninarized  and  compared  to  prefllght  predictions. 


INTRODUCTION 

The  Space  Shuttle  system  employs  two  re¬ 
usable  Solid  Rocket  Boosters  (SRB).  After  burn¬ 
out,  these  SRB's  separate  from  the  External  Tank 
and  coast  to  apogee  at  over  250,000  ft.  altitude. 
The  SRB's,  shown  in  Fig.  1,  approximately 
145  ft.  long  and  12  ft.  In  diameter,  reenter  In 
a  tumbling  mode.  As  the  aerodynamic  pressure 
increases,  the  SRB  trims  In  a  coning  motion  to 
a  high  angle  of  attack  broadside  attitude.  At 
between  16,000  to  15,000  ft.  altitude,  deploy¬ 
ment  of  the  SRB  decelerator  subsystem  Is  Initi¬ 
ated  by  separation  of  the  nosecap.  The  decel¬ 
erator  subsystem  (DSS)  Is  used  for  stabiliza¬ 
tion  and  deceleration  to  a  terminal  velocity  of 
approximately  90  ft/sec  of  the  spent  175,000  lb. 
SRB. 


The  deployment  of  the  DSS  Induces  high 
structurally  critical  loading  conditions  to  the 
SRB  frustum  and  forward  skirt.  The  design  of 
the  subsystem  and  deployment  sequencing  had  to 
accommodate  several  constraints  Imposed  duo  to 
shell  buckling,  tension  loadings,  and  dynamic 


acceleration  conditions.  The  first  Space  Shut¬ 
tle  flight,  which  Included  the  successful  sta¬ 
bilization,  deceleration,  and  recovery  of  both 
SRB's,  verified  that  the  DSS  design  was  ade¬ 
quate. 

SYSTEM  DESCRIPTION 

The  DSS,  prior  to  deployment.  Is  stowed  In 
the  nose  cone  compartment  of  the  SRB  as  shown 
In  Fig.  2.  Deployment  Is  Initiated  by  separa¬ 
tion  of  the  nose  cap  allowed  by  pilot  chute 
Inflation  as  shown  In  Fig.  3.  The  pilot  chute 
Is  used  to  deploy  the  drogue  chute,  which,  In 
turn,  stabilizes  the  SRB  by  rotation  to  a  tall- 
flrst  attitude  and  decelerates  the  vehicle  In 
preparation  for  main  chute  deployment.  At  an 
altitude  of  approximately  6,500  ft.,  the  drogue 
chute  pulls  the  frustum  from  the  SRB  while  de¬ 
ploying  the  main  chutes  contained  within  the 
frustum.  The  configurations  of  the  11.5  ft-D 


Fig.  2  -  Decelerator  Subsystem  Installation 
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Fig.  3  -  Deployment  Sequence 


pilot  chute,  the  54  ft-0  drogue  chute,  and  the 
115  ft-D  main  chutes  are  shown  In  Fig.  4.  To 
alleviate  high  loads,  the  drogue  and  main  chute 
systems  have  two  stages  of  reefing. 
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Fig.  4  -  Plot,  Drogue,  and  Main  Chute  Geometry 


REENTRY  DYNAMICS 

The  first  Space  Shuttle  launch  (STS-1)  oc¬ 
curred  on  April  12,  1981,  from  the  Kennedy 
Space  Center.  The  reentry  profile  for  the 
right  SRB  shown  In  Fig.  5  was  obtained  from 
shipboard  radar  and  photographic  coverage. 

The  SRfi  separated  at  an  altitude  of  173,000  ft. 
coasted  to  an  apogee  of  270,000  ft,  then  re¬ 
entered  to  a  maximum  dynamic  pressure  of  2,000 
psf  at  an  altitude  of  40,000  ft.  Plots  of  pre- 
flight  predicted  vs.  actual  flight  altitude, 
Mach  number,  dynamic  pressure,  and  angle  of 
attack  are  presented  In  Fig.  6. 


occurred  during  the  maximum  dynamic  pressure 
region  of  reentry  as  Illustrated  In  Fig.  7. 

DECELERAT0R  SUBSYSTEM  PERFORMANCE 

Tables  1  and  2  summarize  the  DSS  perfor¬ 
mance  and  chute  loads  experienced  during  the 
STS-1  flight  test.  Trajectory  data  was  avail 
able  only  for  the  right  SRB.  The  significant 
events  of  nose  cap  separation,  frustum  sep¬ 
aration,  and  water  Impact  took  place  within 
the  preflight  predicted  ranges. 

Time  histories  containing  the  total  meas 
ured  parachute  load  traces,  shown  in  Fig.  8, 
Indicated  that  the  peak  drogue  chute  load  of 


The  peak  SRB  axial  deceleration  of  5  g's 
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Fig.  5  -  SRB  STS-1  Reentry  Profile  (Right  SRB) 
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Fig.  6  -  Right  SRB  STS- 1  vs.  Predicted  Reentry  Characteristics 

of  275,000  lb.  experienced  on  STS-1  was  slight-  mss  well  under  the  parachute  design  limit  load 

1y  higher  than  the  parachute  design  limit  load  value  of  174,000  1b.  Some  revision  to  the 

value  of  270,000  lb.  and  occurred  during  second  Min  chute  first  stage  reefing  area,  however, 
dlsreef  while  going  to  the  full  open  condition.  Is  warranted  In  order  to  achieve  a  better 
This  load  Is  reacted  at  the  nose  cone  frustum  balance  of  the  three  main  chute  load  peaks, 

by  twelve  attach  fittings.  T'.ie  SRB  structural 
load  capability  Is  a  function  of  the  relative  SUMMARY 

angle  between  the  SRB  and  the  drogue  chute  load 

vector.  High  lateral  load  components  are  crlt-  In  sunaaiy,  the  STS-1  SRB  reentry  chem¬ 
ical  for  the  forward  skirt  buckling  condition  terlstlcs  were  as  predicted.  The  Mxlmum  ve- 

whereas  high  axial  load  components  are  critical  hide  deceleration  occurred  during  the  maxi- 

for  the  frustum  tension  condition.  The  drogue  mum  dynamic  pressure  regime  of  reentry.  The 

chute  loading  conditions  experienced  during  pilot,  drogue,  and  main  chutes  deployed  and 

STS-1  fell  within  thes<!  SRB  load  constraints.  inflated  successfully.  The  deceleration  sub- 

.  system  loads  were  within  the  pref light  pre- 

The  main  chute  cluster  total  peak  load  of  dieted  ranges.  Terminal  SRB  Impact  velocities 

446,000  lbs.  fell  well  within  the  SRB  forward  of  92-93  ft/sec  were  experienced.  In  eon- 

skirt  tension  load  constraint  of  522,000  lb.  elusion,  the  STS-1  flight  demonstrated  the 

This  peak  loading  occurred  during  the  first  adequacy  of  the  SRB  decelerator  subsystem, 

dlsreef.  In  addition,  the  peak  single  main 
chute  load  of  158,000  lb.  experienced  In  STS-1 
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Fig.  7  -  Right  SRB  STS-1  Axial  Acceleration 


TABLE  1 

SAB  STS-l  Dacalarator  Subsystem  Performance 
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SRB  STS-1  Parachute  Loads  S unwary 


PREDICTED 

MEASURED 

MIN 

N0M 

MAX 

LEFT 

RIGHT 

DROGUE-  1ST  STAGE 

140 

176 

239 

145 

2ND  STAGE 

203 

237 

276 

9 

219 

3RD  STAGE 
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241 
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236 

MAIN-  1ST  STAGE 

«1 

114 

135 

107-113-11 

SHA-106 

2ND  STAGE 

102 

in 

119-1SS-I40 
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3RD  STAGE 

71 

19 
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142-123-104 

SRB  STS-1  DROGUE  CHUTE  LOADS 
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SRB  STS-1  MAIN  CHUTE  TOTAL  LOADS 
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Fig.  8  -  SRB  STS-1  Measured  Chute  Loads 
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DUOT88I0H 

Voice  i  How  vm  th*  impact  velocity  of  th*  sol- 
Id  rocket  boos  car  measured? 

Hr.  jam  th*  impact  velocity  was  measured 
fro*  th*  Vandeuberg  radar  tracking  data,  th* 
Vanda nber*  tracking  ship  and  by  photographs. 

Voice:  Was  that  accurata  within  a  mlllisec* 
ondt 

Hr.  Krosr.:  Th*  radar  crack  is  vary  accurate. 

Vole*:  Did  you  hav*  anything  to  measure  th* 
water  entry  impact T  What  frequency  rang* 
could  you  measure  on  impact? 

Ik.  Krone i  The  rise  tine  for  that  spike  you 
saw  on  th*  acceleration  for  water  impact  is 
about  150  -  200  milliseconds.  It  is  not  a 
shock;  it  is  a  lower  frequency  then  that. 

Again,  w*  are  good  foi  200  Ha  on  that  system; 
it  is  a  flight  system. 

Voice;  Is  a  200  Ha  system  accurate? 

Mr.  Krona;  Yea.  It  la  adequate  for  our  needs. 
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INVESTIGATION  OF  SIDE  FORCE  OSCILLATIONS 
DURING  STATIC  FIRING  OF  THE  SPACE  SHUTTLE 
SOLID  ROCKET  MOTOR 


M.  A.  Behrlr,' 

Thiokol  Corporation/Was  -ch  Division 
Brlghaa  City,  Utah 


Low  frequency  oscillation*  in  measured  aide  forces  have  occurred 
during  static  testing  of  the  Space  Shuttle  Solid  Rocket  Motor.  An 
investigation  was  undertaken  to  define  a  forcing  function  to 
simulate  the  effect  of  these  oscillations  In  vehicle  loads  studies. 
This  paper  summarises  data  analyses  and  analytical  studies 
conducted  during  this  Investigation. 


INTRODUCTION 

During  development  and  qualification  of  the 
Space  Shuttle  Solid  Rocket  Motor  (SRM) ,  seven 
motors  were  static  fired.  Each  of  these  motors 
exhibited  oscillations  In  lateral  forces  measured 
by  load  cells  located  at  the  forward  and  aft  ends 
of  the  motor  In  the  static  test  facility.  These 
oscillations  were  present  throughout  the  motor 
burn.  Including  periods  during  which  the  nocsle 
was  not  being  vectored.  The  frequencies  and 
magnitudes  of  these  oscillations  were  of  interest 
with  respect  to  vehicle  loads.  A  study  was 
undertaker  to  determine.  If  possible,  'he 
mecharlsm  causing  the  oscillations  and  also  to 
define  a  forcing  function  to  simulate  the  effect 
In  vehicle  load*  analysis.  The  Intent  of  this 
paper  la  to  summarise  the  study  into  the  lateral 
force  oscillation  question  conducted  at  Thiokol. 
Full  documentation  of  this  study  auy  be  found  in 
Ref.  (!]. 


DISCUSSION 

The  SRM  was  developed  by  the  Wasatch  Divi¬ 
sion  of  Thiokol  Corporation  In  conjunction  with 
the  National  Aeronautics  and  Space  Administration 
(NASA)  under  contract  NAS8-30490  and  was  sponsor¬ 
ed  by  NASA/Marshall  Space  Flight  Center.  The 
laterel  force  oscillation  study  mas  conducted 
under  Technical  Directive  No.  131  Issued  by 
Marshall  Space  Flight  Center. 

The  SRM  Is  approximately  123  ft  long  and  146 
In.  In  diameter.  Weighing  approximately 
1,250,000  lb  at  Ignition,  It  consuaea  about 
1,110,000  lb  of  propellant  and  develops  a  maximum 
thrust  of  nearly  3,000,000  lb  during  Its  120  see 
burn.  The  motor  is  fabricated  in  four  segments, 
with  the  motor  case  made  from  0.5  la.  thick  D6AC 
steel.  The  propellant  grain  has  a  center  port 
design  with  a  star  configuration  In  the  forward 
end  of  the  forward  segment. 


Fig.  1  -  DM-1  prior  to  static  test 
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Fig.  2  -  SRM  teet  stand 


The  motor  is  static  fired  in  the  horlsontal 
position  as  depicted  in  Fig.  1,  where  the  first 
Development  Motor  (DM-1)  is  shown  prior  to  static 
test.  When  assembled  in  the  static  test 
facility,  tha  motor  is  held  by  the  forward  and 
aft  skirt  attach  rings,  with  all  axial  loads 
carried  by  the  forward  support.  Fig.  2  shows  the 
arrangement  of  the  test  stand  components  and  load 
measurement  devices.  The  subject  of  thia  paper 
la  oscillations  in  the  forces  measured  by  tha 
forward  and  aft  aids  force  load  trains.  This 
study  consisted  of  an  intenaiva  data  analysis 
effort  coupled  with  analytical  studies. 

TEST  DATA  ANALYSIS 

Data  from  aevaral  taat  parameters  were  ana¬ 
lysed  to  characterise  the  lateral  force  oscil¬ 
lations  and  to  provide  s  basis  for  validation  of 
tha  mathematical  model.  Among  the  test  param¬ 
eters  analysed  were  forward  and  aft  side  forces, 
actuator  pressure,  and  nossle  position  exten- 
■ome ter* . 

Initial  data  analysis  was  conducted  with  a 
spectral  analysis  program  wherein  the  Fourier 
amplitude  spectra  for  successive  time  slices  of 
data  are  plotted  one  above  another  (waterfall 
plot),  showing  amplltuda  vs  frequency  vs  time. 
With  this  technique,  discrete  frequency  trends 
are  easily  identifiable,  as  are  variations  of 


magnitude  with  time.  Figs.  3  and  4  show,  respec¬ 
tively,  the  waterfall  plots  of  forward  and  aft 
side  forces  from  DM-2.  Four  distinct  frequency 
bands  ere  apparent  on  the  plots.  Waterfall  plot rt 
of  forward  and  aft  side  forces  from  DM-4  are 
shown  in  Figs.  5  anu  6.  These  sre  very  similar 
in  nature  to  those  of  DM-2  with  the  exception  of 
tha  rapidly  increasing  frequency  band  during  the 
latter  portion  of  che  motor  burn.  However,  a 
comparison  of  this  plot  with  the  Thrust  Vector 
Control  (TVC)  duty  cycle.  Ref.  [2)  reveals  that 
the  Increasing  frequency  trend  was  due  to  a 
nossle  frequency  response  test  during  which  the 
nossle  was  vectored  sinusoidally  at  Increasing 
frequencies.  Fig.  7  shows  the  45  deg  actuator 
pressure  on  DM-1.  No  discrete  frequency  trends 
sre  apparent  In  this  data.  This  Is  typical  of 
all  actuator  prassure  data  analysed.  A  waterfall 
plot  of  a  nossle  position  extensometer  Is  shown 
In  Fig.  8.  As  with  actuator  pressure  data,  no 
dlscrace  frequancy  trends  are  evident  In  these 
data. 

Several  points  became  apparent  during  the 
data  analysis  process:  (1)  very  large  amplitude 
oscillations  In  side  force  (equivalent  to  ap¬ 
proximately  0.6  deg  thrust  vector  oscillations) 
only  occur  during  TVC  oscillation  commands  and 
during  motor  tall-off;  (2)  there  is  no  evidence 
of  thrust  vector  oscillations  at  discrete  fre¬ 
quencies  at  any  times  other  than  when  such  oscil- 
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SRM  STRUCTURE 

Fig.  9  -  SUM  in  tut  stand  (simplified  for  clarity) 


1st  ions  are  cotaianded;  and  (3)  a  comparison  of 
the  frequency  trends  In  the  aide  force  data  with 
predicted  lateral  vibration  modea  of  the  motor  in 
the  test  stand  showed  very  good  frequency  cor¬ 
relation  throughout  the  motor  burn. 


These  observations  led  to  the  conclusion 
that  the  oscillations  present  in  the  aide  force 
measurement  data  were  attributable  to  the  re¬ 
sponse  of  structural  vibration  modes  of  the  motor 
in  the  test  stand  to  small  amplitude,  random 
perturbations  in  the  pressure  field  inside  the 
motor  and  in  the  flow  field  through  the  noasle. 


Additional  data  analysis  was  then  performed 
in  order  to  characterise  the  side  force  oscil¬ 
lations  in  the  form  of  Power  Spectral  Density  (PSD) 
functions.  PSDa  tiers  generated  from  forward  lat¬ 
eral  force  (F003)  and  aft  lateral  force  (F005)  meas¬ 
urements  from  EM-1  and  EM-2  for  each  3  sec  time 
slice  from  40  to  120  sec.  The  PSD  response  level 
for  each  of  the  first  four  lateral  modes  was  det¬ 
ermined  for  F003  and  F005  for  each'  3  see  time 
slice.  The  data  were  grouped  in  the  following 
time  periods  to  correspond  to  the  model  times: 

TIME  PERIOD  (sec)  MODEL  TIME  (sec) 


40  to  60 
60  to  90 
90  to  110 
110  to  120 


50 

75 

100 

End  of  Burn 


For  each  time  period,  a  nominal  response  was 
calculated  by  averaging  the  responses  from  each  5 
sec  time  slice  contained  in  the  period.  This 
calculation  was  carried  out  for  each  of  the  first 
four  lateral  modes  for  both  F003  and  F005.  After 
calculation  of  a  nominal  response,  the  standard 
deviation,  for  each  time  period,  was  calculated 
for  each  of  the  first  four  lateral  modes  for  both 
F003  and  F005. 


as  a  multi-point  excitation,  would  produce 
oscillations  in  lateral  forces  in  the  model  of 
the  same  magnitudes  as  observed  in  the  static 
tests. 

MATHEMATICAL  MODEL 

A  mathematical  model  of  the  motor  in  the 
static  test  facility  was  developed  to  study  the 
low  frequency  dynamics  of  the  static  test  con¬ 
figuration.  The  model  was  developed  using  finite 
element  modeling  techniques  and  the  NAS  TRAN  com¬ 
puter  code.  A  simplified  representation  of  the 
motor  in  the  static  test  facility  is  shown  in 
Fig.  9. 

As  only  fundamental  transverse  and  axial 
modes  were  of  Interest,  a  shell  model  of  the 
motor  case  was  not  considered  necessary.  Conse¬ 
quently,  the  motor  case  was  modeled  with  a  series 
of  bar  elements  having  stiffness  characteristics 
equivalent  to  the  motor  case.  It  was  assuied 
that,  for  the  fundamental  modes,  the  propellant 
could  be  considered  to  be  rigidly  attached  to  the 
motor  case;  thus,  only  the  mass  contribution  of 
the  propellant  was  considered.  The  mass  distri¬ 
bution  of  the  motor  case  and  propellant  was  sim¬ 
ulated  by  concentrated  masses  at  the  grid  points 
representing  the  motor  case. 

Twenty- four  bar  elements,  located  along  the 
motor  centerline,  connect  the  25  grid  points 
representing  the  motor  case.  Mass  distributions 
for  five  motor  burn  times  were  modeled.  These 
were:  Ignition,  50  sec,  75  sec,  100  sec  and  end 
of  burn. 

The  nossle  assembly  was  modeled  as  a  concen¬ 
trated  mass  with  scalar  springs  providing  5  deg 
of  freedom  with  respect  to  the  motor  case.  The 
nossle  actuators  were  modeled  with  rod  elements. 


An  analytical  effort  was  then  undertaken  to 
determine  a  random  spectrum  which,  when  applied 
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The  thrust  adapter,  connecting  the  motor  to 
the  forward  test  stand,  war  modeled  with  conceit- 


trated  tuaaea,  bar  elements,  and  rigid  connec¬ 
tions. 

Tha  taat  atand  vaa  conaldarad  to  ba  a  major 
Influencing  factor  on  the  fundaaental  axial  and 
lateral  modes  of  the  aotor  In  tha  teat  facility* 
The  teat  atand,  conalating  of  forward  and  aft 
conponenta,  vaa  a  coaplex  atructure  conalating 
primarily  of  large  rigid  masses  supported  by  a 
coaplex  arrangeaent  of  load  cella,  flexure*,  and 
strut*,  a*  shown  In  Fig.  10.  Both  the  forward 
and  aft  teat  atand  were  oodeled  with  a  aerie*  of 
grid  points  representing  the  load  string  attach¬ 
ment  locations.  Each  of  these  grid  points  was 
rigidly  connected  to  a  grid  point  representing 
the  mass  center  of  the  test  stand  coaponent. 

Following  the  static  teat  firing  of  DM-3,  a 
modal  survey  test  was  conducted  on  the  burned  out 
motor  while  It  was  still  In  the  test  stand,  Ref. 
[3].  This  test  was  conducted  by  Structural 
Dynamics  Research  Corporation  of  San  Diego, 
California,  and  coordinated  by  Rockwell  Inter¬ 
national/  Space  Division.  In  this  test,  natural 
frequencies,  mode  shapes,  and  damping  factor*  for 
modes  up  to  SO  He  were  experimentally  measured. 

The  end  of  bum  math  ;aat leal  model  was  modi¬ 
fied  to  represent  the  configuration  that  existed 
during  the  modal  survey  test.  Major  changes  to 
the  basic  model  consisted  of  the  addition  of  the 
external  tank  attachment  ring  and  tha  new  nossle 
mass  propertlea  representative  of  the  nossle 
assembly  after  severance  of  the  aft  exit  cone. 
Natural  frequencies  and  mode  shapes  were  calcu¬ 
lated  using  the  modified  model  and  compared  to 
the  experimental  frequencies  and  mode  shapes. 
Adjustments  were  then  made  to  the  model  until  a 
reasonable  correlation  was  achieved.  Not  sur¬ 
prisingly,  several  modes  of  vibration  were  noted 
during  the  modal  survey  test  that  were  not  pre¬ 


dicted  by  tha  modal.  Moat  of  thaaa,  however, 
ware  dominated  by  ahall  activity  which  la  not 
reproducible  by  a  lumped  parameter  bam  model. 

In  tha  modal  aurvey  teat,  many  of  the  beam  modes 
were  modified  by  shell  activity  and  local  defor¬ 
mations,  but  the  basic  beam  mode  shapes  were 
obtained  by  the  simplified  modal. 

Although  reasonable  correlation  was  achieved 
between  the  modal  aurvey  configuration  model  and 
the  mod  J.  survey  test  results,  when  lateral  mode 
frequencies  at  various  burn  times  from  the  models 
were  compared  to  tha  frequencies  contained  in  the 
lateral  force  measurement*  obtained  during  static 
testing,  soma  anomalies  ware  noted.  As  the  la¬ 
teral  modes  were  of  primary  interest  In  this 
study,  an  adjustment  was  made  to  the  model  to 
improve  the  correlation  In  thla  area.  The  com¬ 
parison  of  the  first  four  lateral  mode  frequen¬ 
cies  from  the-  model  to  the  static  teat  data  la 
shown  in  Fig.  11.  The  natural  frequencies  and 
modal  Identifications  for  modes  up  to  16  Hx  are 
summarised  In  Table  1. 

Additional  correlation  of  the  lateral  mode* 
in  the  model  with  those  present  during  static 
testing  of  the  motor  was  shown  by  cohering  the 
phase  relationship  and  relative  magnitudes  of  the 
forward  and  aft  lateral  force  responses  from  the 
model  and  the  test  data.  This  comparison  is 
shown  In  Table  2. 

Within  the  limits  of  the  modeling  approach 
taken,  correlation  of  the  model  with  available 
experimental  data  Is  very  good. 

FORCING  FUNCTION  DEVELOPMENT 

The  development  of  a  random  forcing  function 
to  represent  the  excitation  sources  acting  on  the 
motor  due  to  the  combustion  process  was  a  rel¬ 
atively  straightforward  process,  but  was  based 
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3.  CALIBRATION  LOAD  CELLS  ARE 
NUMBERED  16  THRU  20. 

I  Q  NORMAL  LOAD  STRINGS 
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Fig.  10  -  Test  stand  arrangement 
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upon  several  assumptions.  The  fundamental  as¬ 
sumption  made  was  that  the  actual  excitation  In 
the  t  tor  during  operation  was  random  In  nature. 
This  .  sumption  Is  supported  by  the  fact  that  the 
struct*.  responds  In  several  of  Its  normal 
modes,  which  suggests  excitation  across  a  broad 
band.  It  was  further  assused  that  the  excitation 
of  the  structure  occurred  throughout  the  motor 
bore  and  over  the  nozzle  flow  area.  While  this 
assumption  In  Itself  Is  probably  valid,  no  data 
were  available  regarding  the  spatial  variation  of 
the  forcing  function  spectrum.  It  was  therefore 
necessary  to  also  assume  that  the  excitation 
spectrum  was  the  same  at  all  1  '.at ions.  It  was 
also  assumed  that,  except  fr  avlng  the  same 
spectrum,  the  forcing  functions  acting  on  the 
structure  were  statistically  uncorrelated.  In 
actual  fact,  there  probably  la  some  degree  of 
correlation  between  forcing  functions  at  differ¬ 
ent  locations,  however,  no  data  were  available 
concerning  the  correlation  from  one  location  to 
another. 

For  multi-point  random  excitation,  given 
that  the  forcing  functions  are  uncorrelated,  the 
PSD  of  the  response  at  a  point  J  Is  given  by 

sj  <■>  i  H1,  '"> ! 2  S. 

a  | 

Where: 

Sj  (w)  ■  PSD  of  the  response  at  point  j 

Sa  (w)  ■  PSD  of  the  excitation  at  print  a 

Hja  (<*)  “  Frequency  response  func*  .  1 

point  j  due  to  an  excitation  at 
point  a 


For  our  problem  we  have  assumed  that  Sa  (w)  is 
the  same  for  all  a. 

Therefore,  Sj  (u>)  »  Sa  (m)  S  Hja  (u>)  2 
From  this  we  can  say  that 


The  solution  of  this  equation  required  the  devel¬ 
opment  of  a  set  of  frequency  response  functions 
and  the  PSDs  of  the  measured  responses. 

For  simplicity,  both  In  this  study  and  in 
future  vehicle  loads  analysis.  It  was  assumed 
that  reasonable  results  could  be  achieved  by 
applying  excitation  at  six  locations  along  the 
motor  length.  Grid  points  were  chosen  as  exci¬ 
tation  points  in  our  model  whose  locations  corre¬ 
sponded  as  closely  as  possible  to  grid  point 
locations  in  the  vehicle  loads  model.  The  grid 
points  chosen  and  their  correlations  with  loads 
model  grid  points  are  shown  in  Table  3. 

Frequency  response  functions  were  calculated 
for  the  lateral  force  response  at  the  forward  and 
aft  lateral  force  measurement  locations  due  to  a 
sinusoidal  force  in  the  lateral  direction  at  each 
of  the  six  Input  points.  These  frequency  respon¬ 
se  functions  were  calculated  for  burn  tlr.es  of 
50,  75,  100  sec,  and  end  of  burn. 

Damping  used  in  the  model  for  calculation  of 
the  frequency  response  functions  closely  envel¬ 
opes  the  modal  damping  measured  during  the  modal 
survey  test.  This  damping  is  conservative  at  end 
of  burn  but  may  introduce  some  nonconservatism 
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TABLE  2 


for  eerly  burn  times .  The  draping  values  used, 
input  as  structural  duping  coefficients ,  varied 
linaarly  from  g  •  0.06  at  0  H*  to  g  ■  0.02  at  20 
Ha  and  than  rtmainad  conatant  at  g  •  0.02. 

For  each  of  tha  firat  four  lataral  modes, 
the  input  PSD  laval  required  to  obtain  a  reaponsa 
from  tha  modal  equal  to  tha  nominal  value  obtain¬ 
ed  from  tha  teat  data  was  calculated.  This  cal¬ 
culation  was  carried  out  for  each  of  the  four 
model  times  (only  the  firat  three  modes  were  used 
for  end  of  burn)  for  both  head  end  and  aft  and 
responses.  The  required  input  levels  were  envel¬ 
oped  by  a  4  dB/oct  line  from  1.0  to  20.0  Rs  to 
obtain  the  nominal  input  spectra  for  use  in  the 
vehicle  loads  analysis.  This  process  was  repeat¬ 
ed  using  3  sigma  response  values  to  establish  3 
sigma  input  spectra.  The  nominal  and  3  sigma 
input  spectra  for  both  early  and  late  burn  times 
are  shown  in  Fig.  12.  These  random  functions 
should  be  applied  at  each  of  tha  six  input  lo¬ 
cations  in  both  transverse  axes.  These  input 
spectra  were  supplied  to  Marshall  Space  Flight 
Center  for  inclusion  in  flight  vehicle  loads 
analyses . 

CONCLUSIONS 

The  low  frequency  dynamics  of  the  Space 
Shuttle  SRM  in  the  static  test  facility  are 
adequately  represented  by  a  beam  model.  Good 
correlation  was  achieved  between  mathematical 
model  results  and  modal  survey  test  results  for 
low  order  bending  modes  of  the  motor  In  the  teat 
stand.  Good  correlation  was  also  shown  between 
the  frequencies  evident  in  the  lateral  force  data 
from  the  static  teats  and  the  predicted  natural 
frequencies  of  the  lateral  vibration  modes  of  the 
motor  in  the  test  stand.  This  correlation  held 
for  all  five  burn  times  modeled. 

While  it  cannot  be  conclusively  shown  that 
random  pressure  oscillations  inside  the  motor 
are,  in  feet,  responsible  for  the  observed  side 
force  oscillations,  the  available  evidence  does 
support  this  supposition.  The  forcing  functions 
defined  in  this  study,  when  applied  to  the  static 
test  model,  produced  responses  or  similar  magnitudes 
to  those  observed  during  the  static  tests. 

TABLE  1 


Measured  and  Calculated  Natural  Frequencies 
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TABLE  3 

Excitation  Locations 
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DISCUSSION 


;  JM?.  PTThI! *  T ~ 1* ,  k: hm")T 


Did  jw  find  that  oh  of  the  transfer  functions 
dominated?  You  had  ala  Input  point a.  Did  you 
uaa  an  avar aging  technique  T 

»•  M»1HI  Ra.  He  treated  tha  input  laval 
of  aaoh  location  aa  though  it  unto  tha  a ana  in 
this  atudy.  Ha  did  do  some  other  roaponaa 
analyaaa  uaing  a login  point  excitation.  Ha 
found  that  an  input  at  ona  location  gave  a 
such  atrongar  roaponaa  than  at  another  location 
for  hm  of  tha  modes. 


did  you  aaauaa  an  uneorralatad  dlatribution  of 
tha  forcing  functiont 


ttr.  iriirinti  It  mi  tha  only  option  opan  to  ua 
at  that  time.  Ha  had  no  way  of  defining  tha 
correlation  functions  frou  ona  point  to  anoth¬ 
er.  Thera  la  probably  a  one  correlation  be¬ 
tween  tha  polntar  but  unleaa  somebody  were  to 
do  iom  pretty  detailed  work  on  the  internal 
gas  dynamics  in  the  motor,  I  don't  think  we 
have  any  way  of  defining  them. 


Has  that  for  simplifies  .non) 


Mr.  Behring »  Yes. 
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One  nemesis  of  the  structural  dynamltt  Is  the  tedious  task  of  reviewing 
large  quantities  of  data.  This  data,  obtained  from  various  types  of  instru¬ 
mentation,  may  be  represented  by  oscillogram  records,  root-mean-squared  (rms) 
time  histories,  power  spectrjl  densities,  shock  spectra,  1/3  octave  band  analyses, 
and  various  statistical  distributions.  In  an  attempt  to  reduce  the  laborious  task  of 
manually  reviewing  all  of  the  Space  Shuttle  Orblter  wideband  frequency-modu¬ 
lated  (FM)  analog  data,  an  automated  processing  system  was  developed  to  perform 
the  screening  process  based  upon  predefined  or  predicted  threshold  criteria. 


INTRODUCTION 

The  Orbital  Flight  Test  program  for  the  Space 
Shuttle  defined  requirements  for  the  analysis  and  eval¬ 
uation  of  enormous  quantities  of  flight  test  data.  The 
data  is  acquired  via  the  Shuttle  Development  Flight 
Instrumentation  system  and  includes  up  to  525  chan¬ 
nels  of  wideband  Frequency  Modulated/Frequency 
Multiplexed  analog  data  for  each  of  the  four  orbital 
flight  tests.  Each  channel  contains  data  acquired  from 
accelerometers,  microphones,  strain  gages,  or  pressure 
transducers  and  has  a  frequency  bandwidth  that  varies 
from  50  Hi  to  B  kHz,  with  the  majority  having  a  2-kHz 
bandwidth. 

The  requirements  for  such  large  quantities  of 
flight  test  data  stemmed  from  the  need  to; 

e  Verify  or  update  vibration,  acoustic,  and  shock 
specifications. 

e  Provide  data  to  certify  the  vehicle  pogo  and 
flutter  free. 

e  Provide  flight  load  information  for  large  com¬ 
ponents  and  their  secondary  structures. 

e  Verify  the  adequacy  of  the  ground  test  program 
for  sonic  fatigue. 

a  Determine  if  any  anomalies  have  occurred  on  the 
flight  which  must  be  resolved  prior  to  the  next 
flight. 


The  volume  of  data  to  be  reviewed  and  analysed 
for  such  a  large  number  of  measurements  would  be 
more  than  25,000  plots  or  graphs.  Unless  an  abundance 
of  qualified  analysts  were  available  to  review  the  data, 
the  workload  created  would  cause  a  significant  Impact 
at  any  organization.  Therefore,  In  order  to  accomplish 
the  analysis  with  existing  personnel,  the  reviewing 
process  was  automated. 

A  team  of  engineering  personnel  critically 
Involved  in  analyzing  the  Shuttle  structural  dynamics 
data  developed  the  Shuttle  Wideband  Analog  Proces¬ 
sing  System  (SWAPS),  which  provides  the  structural 
dynamlst  with  a  method  of  analyzing  large  quantities 
of  Shuttle  flight  test  data  by  automating  portions  of 
the  analysis  process,  thereby  reducing  the  laborious 
task  of  manually  reviewing  all  of  the  data  records.  The 
basic  concept  is  to  screen  out  data  that  is  of  no  imme¬ 
diate  concern  by  automatically  comparing  the  data  to 
'thresholds  of  Interest*  and  only  continuing  the  analy¬ 
sis  process  on  the  data  that  exceeds  these  thresholds. 


SYSTEMS  REQUIREMENTS 

The  basic  data  available  to  the  dynamlst  for  the 
structural  evaluation  is  oscillogram  records,  rms  time 
histories,  power  spectral  densities,  mean-squared  spec¬ 
tral  distributions,  shock  spectra,  1/3  octave  band  anal¬ 
yses,  and  various  statistical  analyses.  The  SWAPS 
automated  review  process  is  limited  to  data  In  digital 
form,'  oscillogram  records  require  manual  review. 
Inputs  to  the  system  Include  the  following  Items; 
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•  Recorded  wideband  FM/FM  multiplexed  analof 
tape*. 

•  Calibration  Information. 

•  A  file  containing  flight  parameters  such  at  Mach 
number,  dynamic  pressure,  and  angle  of  attack 
versus  time. 

e  Specifics  regarding  each  transducer's  structural 
location  and  expected  response  charecterlstlcs. 

e  A  table  of  mission  events,  such  as  liftoff  and 
maximum  dynamic  pressure  (max  Q). 

A  stand-alone  system  to  both  process  and 
analyte  the  data  obvious ty  would  have  been  desirable, 
but  one  of  the  system  constraints  was  to  utilize  the 
existing  hardware  and  software  capabilities  of  the 
Cential  Computer  Facility  at  the  Lyndon  B.  Johnson 
Space  Center.  Included  In  the  Central  Computer 
Facility  Is  the  telemetry  ground  station,  which 
provides  analog-to-dlgltal  processing  and  produces  a 
digital  tape  compatible  with  existing  wave  analysis 
software  implemented  on  the  facility's  large 
mainframe  computer  systems.  Remote  terminals,  cur¬ 
rently  available  on  the  Central  Computer  Facility 
systems,  provide  the  users  with  the  capability  of 
processing  data  in  the  'demand*  mode  for  immediate 
results  or  submitting  runs  for  scheduled  batch  output. 


In  utilizing  the  existing  capabilities,  minimum  soft¬ 
ware  development  was  required.  The  resulting  system, 
however,  requires  some  manual  Interface  and  coordi¬ 
nation  between  major  system  functions. 


FUNCTIONAL  SPECIFICATIONS 

The  SWAPS  (figure  1)  Is  comprised  of  three  functional 
capabllltleti 

e  Analog-to-dlgltal  processing. 

e  Transient  and  steady-state  wave  analysis  pro¬ 

cessing. 

e  Screening,  display,  and  data  base  maintenance. 

Operationally,  the  analog-to-dlgltal  processing 
system  performs  all  analog-to-dlgltal  conversions, 
generates  oscillograms,  performs  the  process  of 
screening  the  data  for  transients,  and  produces  rms 
time  history  data.  The  transient  and  steady  state 
wave  analysis  software  generates  data  In  the  fre¬ 
quency  domain;  l.e.,  power  spectral  densities  (PSD's), 
1/3  octave  band  analyses,  and  shock  spectra.  The 
screening,  display,  and  data  base  maintenance  function 
performs  the  screening  and  display  of  rms  time  history 
and  frequency  domain  data,  as  well  at  all  necessary 
peripheral  data  management  functions. 


ANAlOO-TO-OtaiTAL  CONVERSION 


DEFINITIONS: 


PFL  -  FREFUGHT  LIBRARV 
FDL  -  FLIGHT  DATA  LIBRARV 
FFF  -  FLIGHT  FARAMETER  FILE 
SRF  -  SCREEN  REFORT  FILE 


TEKTRONIX  4014 


Figure  1  -  SWAPS  system  diagram 
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Initially,  quick-look,  low -speed  oscillograms 
(0.2  In,  par  sac)  art  used  to  perform  cursory  screening 
of  data  to  allmlnata  further  processing  of  anomalous 
Instrumentation  and  Idantlfy  tlma  parlodi  where  Indi¬ 
vidual  measurements  should  not  ba  processed.  Thasa 
maaturamants  ara  than  dtgltlted  at  prasalactad  ratat 
dictated  by  tha  f  requency  rasponsa  of  aach  Instrument, 
and  rms  tlt.se  history  data  Is  computed.  Slnca  fll«ht 
data  tands  to  ba  nonstatlonary,  rms  valuas  ara  com¬ 
putad  ovar  contiguous  tlma  tncramants  of  0,4  sac, 

Tha  rms  tlma  history  Is  than  comparad  to  a 
Shuttla  flight  scraanlng  proflla  (figure  2),  which  Is 
constructed  from  tha  minimum  rms  threshold  for  aach 
mission  event  Identified  In  tha  flight  profile,  Tha 
mission  events  ara  defined  In  a  data  base  and  ara  used 


by  tha  analyst  to  specify  a  flight  proflla  for  aach 
sensor.  Because  aach  sensor  may  satisfy  multiple 
Plight  Test  Requirement  (FTR)  specifications,  dif¬ 
ferent  threshold  levels  can  ba  assigned  for  each 
mission  event  so  that  the  screening  threshold  can  be 
varied.  The  system  than  selects  tha  minimum  valuas 
unless  tha  proflla  for  a  specific  FTR  Is  requested. 

In  addition  to  tha  rms  tlma  histories,  the  crest 
factor  It  computed  for  each  rms  Interval  and  It 
screened  for  values  within  the  1.4  to  4.0  range.  Values 
greater  than  4,0  reflect  transient  data  or  electrical 
noise;  valuas  last  than  1.4  indicate  data  that  appears 
to  have  a  square  wave  form.  The  distribution  of  the 
crest  factor  data  with  respect  to  theta  limits  It  utad 
at  an  Indication  of  data  quality. 
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The  output  of  the  screening  process  It  the  RMS 
Screen  Report  (figure  J).  It  contains  tho  tensor  Iden¬ 
tification  (MSID),  tape  number,  mission  event,  time 
Interval,  data  base  threshold  rmt  level,  screening  level 
applied  as  defined  by  the  FTR  source,  data  source 
from  which  the  threshold  was  obtained,  statistical 
distribution  of  the  rmt  data,  maximum  Instantaneous 
and  maximum  rms  values  with  their  associated  times, 
and  distribution  of  the  peak-to-rmt  ratio  (crest 
factor).  If  any  rmt  value  exceeds  the  threshold  level, 
a  graphical  representation  of  the  rmt  data  for  the 
complete  flight  profile  with  an  overlay  of  the 
threshold  levels  (figure  4)  Is  produced.  The  peak-to- 
rms  ratio  data  (figure  $)  Is  alto  plotted. 

The  tabular  results  of  the  screening  process  are 
stored  In  a  data  base  and  can  be  recalled  and  displayed 
by  the  user  on  request.  The  rmt  time  history  data  Is 
retained  on  tape  rather  than  on-line  mast  storage.  It 
is  estimated  that  five  million  words  of  mats  storage 


would  have  been  required  to  retain  the  rmt  data  on¬ 
line  for  each  flight. 

The  rms  time  history  It  used  to  select  Intervals 
of  Interest  for  further  processing  through  the  statisti¬ 
cal  wave  analysis  processing  program,  which  produces 
PSD  and  1/3  octave  band  analytes.  Spectral  screening 
thresholds,  stored  In  the  tame  data  base  as  the  rms 
threshold  levels,  provide  the  same  variation  for 
mission  event  requirements  and  FTR't.  The  flight  data 
It  screened  against  an  envelope  spectrum  which  repre¬ 
sents  the  minimum  threshold  defined  for  any  FTR  for 
the  mission  event  In  which  the  data  Interval  Is 
contained.  The  system  automatically  selects  this 
envelope  unless  the  user  requires  that  a  specific 
criteria  be  employed.  The  threshold  spectra  specified 
are  derived  from  analytes  or  test  data  and  may  be 
modified  as  flight  test  data  It  acquired.  They  are  not 
limited  In  shape,  but  generally  reflect  one  of  the 
several  basic  forms  of  envelopes  shown  in  figure  6. 
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Figure  3  -  An  RMS  Screen  Report  for  microphone  V08Y9774  located  on  the  vertical  stabilizer 
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Figure  4  -  An  rms  tine  history  plot  of  microphone  Figure  5  -  Crest  factor  plot  of  microphone  V08Y9774 

VOS  Y  9774 


FREQUENCY 

Figure  6  *  Test  envelope  formats 
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PSD  screening  multi  are  displayed  In  the  Wav* 
Analysis  Screen  Report  (figure  7).  Thli  report  li 
similar  In  content  to  the  rmi  report.  It  contains  per¬ 
tinent  Information  identifying  the  instrument,  time  In¬ 
terval  processed,  rms  level  of  the  screening  threshold 


employed,  rms  level  of  the  flight  data,  percentage  of 
the  envelope  applied^  data  source  from  which  the 
threshold  was  obtained,  statistical  distribution  of  the 
PSD  amplitude  with  respect  to  the  threshold  used,  and 
maximum  amplitude  and  corresponding  frequency. 


FLIOHT  NO.  -  01 


uaus  anaivsis  screen  report 


MTC  -  11/14/01,  isij*ie3 


"•ID  •  UMD9444  SUISTRUCTURE  -  THRUST  STR  ZONE  .  Z27 


wr  at 

TaPE 

NO 

TIRE 

STaRT/ 

STOP 

pft 

DB 

ans 

PERK 

oara 

SI  PROFILE 
arts  SCREEN 

pcaa  x  source 

DISTRICUTION  OF  DPTR  at  a 
PERCENT  OF  SCREEN  PROFILE 

•  as  s*  is  in 

as  se  ts  im  ♦ 

nax 

uauje 

FREQ 

ocraiT  rsd 

xaaiBs 

leounssise.eee 

leitiiiSDisi.eee 

1S.1 

1.4 

ce.e  cuees 

9C.4 

i.e 

*.3 

e.i 

*.* 

.923M 

uie.s 

as  CENT  PSD 

*93995 

isoiiaieiise.ese 

iM>  msi  isi.ee* 

IS.t 

s.e 

se.e  sums 

as.e 

s.e 

a.i 

1.4 

3.4 

.4*436 

1769.5 

ASCENT  PSD 

xeass 

ten  iciuise.ee* 
iMiicmui.ee* 

1S.1 

s.s 

5*.*  tuees 

79.1 

te.s 

4.3 

i.a 

3.S 

.5*461 

1761 .2 

RSCENT  PS9 

xeesit 

i*tuat*sis*.c** 

iMtiatestsi.ee* 

1S.1 

s.s 

se.e  sums 

se.e 

te.e 

3.4 

2.3 

4.2 

.74*77 

1941.1 

RSCENT  PSD 

xeeau 

iMiiaiMise.ee* 

IMiiaiMtSl.M* 

1S.1 

s.s 

so.*  mom 

M.7 

ie.3 

3.4 

?.* 

3.S 

.72993 

1299.4 

aSCENT  PSD 

xeeasa 

iMiiste7tse.«e« 

lMtiai*?tSl.*M 

1S.1 

s.s 

se.e  su*m 

79.9 

9.3 

4.C 

a.i 

4.4 

.442*3 

1349.* 

aSCENT  PSD 

kink  lMiioiseise.eee 

leenoteiiei.cee 

1S.1 

*.? 

se.e  euees 

7*.* 

7.* 

4.3 

c.s 

*.* 

1.4 

7M.S 

aSCENT  PSD 

xeera  leonaiMue.eee 
leoiioieeui.eee 

1S.1 

a. 4 

se.e  euees 

77.5 

s.s 

1.9 

i«.s 

l.S 

1427.9 

aSCENT  PSD 

xeecu 

iMuatMiM.ee* 

iMtiaiMtai.cM 

1S.1 

i*.e 

se.e  euees 

77.9 

$.1 

3.4 

l.S 

ii.i 

4.1 

1347.9 

aSCENT  PSD 

xeetsa 

iMtiatMtse.eM 

IMtlgiMtJl.OM 

1S.1 

9.9 

se.e  tuees 

7S.1 

s.s 

4.C 

1.9 

9.4 

3.3 

18M.9 

OCFaiT  PSD 

X1777S 

1S.1 

1.3 

M.e  tuees 

99.9 

*.7 

e.a 

*.# 

e.i 

.*3t41 

1*49.9 

Figure  7  -  Wave  analysis  screen  report  foi 


PSD  data  for  accelerometer  V08D9440  located  on  the  thrust  structure 
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If  any  PSD  value  exceed*  the  100-percent  level 
of  the  threshold  within  the  frequency  range  identified, 
graphical  outputs  of  the  PSD  (figure  8)  and  mean- 
squared  spectral  distribution  (figure  9)  are  produced. 
Acoustic  data  being  processed  through  the  system  Is 
compared  to  1/3  octave  band  thresholds.  The  same 
control  and  variation  of  the  threshold  by  mission  event 
and  FTR  are  provided.  The  wave  analysis  screen 
report  for  acoustic  data  provides  the  same  content  as 
the  PSD  report.  Again,  if  any  data  amplitude  exceeds 
100  percent  of  the  applied  threshold,  a  graphical 
representation  of  the  data  (figure  10)  is  produced. 

Transient  data  is  processed  in  the  system  in 
much  the  same  manner  as  the  steady  state  data.  The 
screening  for  transients  utilizes  the  digitized  input 
data  and  compares  the  amplitudes  to  the  peak  thresh¬ 
old  level  for  the  mission  event  specified.  Again,  the 
threshold  level  utilized  is  the  minimum  for  any  FTR. 
The  output  of  the  procedure  consists  of  a  tabulated  list 
of  the  time  the  threshold  was  first  exceeded  and  the 
time  and  amplitude  of  maximum  exceedance.  This 
information  is  used  to  select  time  intervals  for  high¬ 
speed  oscillograms  (8  in.  per  sec)  and/or  periods  for 
shock  spectrum  analysis  processing. 


Figure  9  -  Mean-squared  spectral  distribution  plot 
for  accelerometer  V08D9440 


■Iflim""' ' 


Figure  8  -  PSD  plot  for  accelerometer  V08D9440 
located  on  the  thrust  structure 


Figure  10  -  A  1/3  octave  plot  of  microphone 
VOS Y 9735  located  on  the  elevon 


The  screening  procedure  employed  for  shock 
spectra  is  basically  the  same  as  that  previously 
described  for  PSD  and  1/3  octave  screening.  Shock 
spectra  are  compared  to  thresholds  contained  in  the 
data  base  for  each  measurement.  The  results  are  dis¬ 
played  in  the  Wave  Analysis  Screen  Report  format 


(figure  11).  If  the  maximum  absolute  response  ampli¬ 
tude  exceeds  the  threshold,  the  graphical  represen¬ 
tation  of  the  maximum  absolute  shock  response  spec¬ 
trum  (figure  12)  Is  produced;  the  user  also  has  the 
option  of  having  the  excitation  function  (figure  13) 
produced. 
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Figure  11  -  Wave  analysis  screen  report  for  shock  data  for  accelerometer  V08D9B77  located  in  the  crew  cabin 
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Figure  12  -  Shock  spectrum  plot  for  accelerometer 
V08D9877 


Figure  13  -  Shock  excitation  function  plot  for 
accelerometer  V08D9877 
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USER  INTERFACE 

The  screening  and  display  subsystem  is  Imple¬ 
mented  on  a  UNIVAC  1110  computer  system  and  is 
executed  in  a  demand  environment  via  a  TEKTRONIX 
4014  graphics  display  terminal  with  hard-copy 
capability.  This  subsystem  is  designated  as  the 
Wideband  Analog  Data  System  (WADS).  An  FR-80 
computer  output  microfilm  processor  is  available  at 
the  Central  Computer  Facility  to  process  any  batch 
output  created.  The  system  diagram  (figure  1)  depicts 
the  relationship  between  the  three  functional 
processes. 


The  plot  menu  (figure  16)  provides  the  user  with 
options  for  plotting  each  type  of  data.  Upon  selecting 
an  option,  the  plot  default  criteria  defining  the 
characteristics  of  the  plot  grid  to  be  produced  Is 
displayed.  The  user  may  alter  any  default  desired. 
The  data  retrieval  keys  are  then  solicited;  these  define 
a  specific  data  set  to  be  extracted  from  the  data  base, 
or  a  specific  plot  to  be  generated  from  tape  In  the 
case  of  rms  processing.  If  composite  overlay  plots  are 
desired,  additional  data  set  retrieval  keys  are  soli¬ 
cited.  Otherwise,  graphical  results  are  produced  as 
shown  In  figures  4,  5,  8,  9,  10, 12,  and  13. 


After  the  data  has  been  digitized  and  the  rms  oi 
wave  analysis  processing  has  been  performed,  the  date 
is  ready  for  input  to  the  WADS.  The  WADS  is  tutoria 
in  design  and  prompts  the  user  to  initiate  a  desirec 
process  or  function  for  all  inputs  required.  The  master 
menu  (figure  14)  displays  the  functions  available  in  the 
system.  The  14  functions  provide  the  user  wl’h  the 
means  of  establishing  and  maintaining  the  data  bases, 
producing  listings  of  the  screening  results  of  data 
processed,  providing  catalogs  of  data  available  In  the 
system,  and  performing  the  basic  screening  process  in 
both  the  demand  mode  and  the  demand-initiated  batch 
mode.  Initially,  rms  and  wave  analysis  tapes  are  proc¬ 
essed  using  functions  1,  2,  and  3  to  perform  the  auto¬ 
matic  screening  procedure  and  store  the  results.  The 
user  then  selects  the  desired  option.  Function  10  Is 
used  to  determine  if  a  specific  measurement  or  group 
of  measurements  has  been  processed  by  the  WADS;  If 
so,  it  displays  the  results  of  the  screening  process. 
The  screen  report  log  menu  (figure  15)  provides  several 
options  for  the  retrieval  of  data  from  the  data  base. 
The  output  products  are  similar  to  those  shown  in 
figures  3,  7,  and  12,  depending  on  the  type  of  data 
requested.  Graphical  display  of  the  data  is  produced 
by  selecting  master  menu  function  11  (figure  14). 
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Figure  14  -  WADS  main  option  menu 
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Figure  15  -  WADS  subfunction  10 
(screen  report  summary)  menu 
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Figure  16  -  WADS  subfunctinn  11  (plot)  options 


SUMMARY 

Using  the  SWAPS  to  process  data  from  the  first 
Space  Transportation  System  (STS-1)  flight  has  signifi¬ 
cantly  reduced  the  overall  analysis  effort.  The  manual 
screening  of  the  quick-look  oscillograms  reduced  the 
number  of  measurements  to  be  evaluated  by  15  per¬ 
cent.  The  rn.s  time  history  screening  procen  further 
reduced  the  number  of  measurements  requiring  addi¬ 
tional  processing  by  another  40  percent.  The  remain¬ 
der  of  the  measurements  were  processed  through  the 
transient  and/or  steady  state  wave  analysis  programs, 
resulting  in  600  PSD's,  125  1/3  octaves,  and  150  shock 
spectra  analyses. 

The  results  provided  the  analysts  with  a  con¬ 
densed  set  of  data  which  exceeded  predetermined 
’thresholds  of  Interest*.  This  minimized  the  dilution 
of  effort  and  allowed  the  analysts  to  concentrate  only 
on  data  which  was  pertinent  to  satisfying  the  Flight 
Test  Requirements. 
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DEVELOPMENT  OF  A  VIBROACOUSTIC  DATA  BASE 


MANAGEMENT  AND  PREDICTION  SYSTEM  FOR  PAYLOADS 
Frank  J.  On 

NASA  Goddard  Space  Flight  Center 
Greenbelt,  Maryland 

and 

William  Hendricks 

Lockheed  Missiles  and  Space  Company 
Sunnyvale,  California 


A  data  base  management  and  prediction  system  called  “Vibroacoustic  Paylood  Environ¬ 
ment  Prediction  System  (VAPEPS)”  has  been  developed  to  serve  as  a  repository  for 
Shuttle  or  expendable  booster  payload  component  flight  and  ground  test  data.  This 
system  is  to  be  made  available  to  the  aerospace  community  for  multiple  uses  including 
that  of  establishing  the  vibroacoustic  environment  for  new  payload  components.  VAPEPS 
data  includes  that  spectral  information  normally  processed  from  vibration  and  acoustic 
measurements  (  e.g.,  power  spectra,  sound  pressure  level  spectra,  etc.  ).  Results  of  develop¬ 
ment  to  provide  this  capability  by  NASA  Goddard  Space  Flight  Center  and  Lockheed 
Missiles  and  Space  Company  are  described. 


1.0  INTRODUCTION 

Developing  design  and  test  requirements  for  the  vibro¬ 
acoustic  environment  of  a  Shuttle  payload,  or  that  of  an 
expendable  booster,  becomes  a  difficult  problem  when  un¬ 
certainties  exist  concerning  the  magnitude  and  spectral 
characteristics  of  the  environment  itself.  These  uncertain¬ 
ties  can  exist  because  of  unknowns  associated  with  either 
the  acoustic  excitation  or  the  response  characteristics  of  the 
payloads.  Attempts  to  define  this  environment  analytically 
have  met  with  limited  success  and  an  empirical  prediction, 
using  data  obtained  from  previous  flight  or  ground  tests,  is 
usually  relied  on.  Present  practices  for  defining  a  vibroacous¬ 
tic  environment  empirically  are  noted  by  the  lack  of  a  com¬ 
plete  and  organized  data  base,  and  the  use  of  rather  simple 
extrapolation  procedures  for  accounting  for  structural 
differences  between  that  of  the  payload  for  which  an  en¬ 
vironment  is  being  established  and  that  of  the  structures 
represented  by  the  data  base  being  used.  Each  payload 
contractor  responsible  for  making  a  prediction  will  do  so 
using  those  data  sets  with  which  he  is  familiar  and  will 
account  for  excitation/structural  differences  as  his  experience 
indicates  appropriate.  Design  and  test  requirements  can  thus 
be  based  on  an  environment  that  was  not  necessarily  ob¬ 
tained  using  the  best  data  sets  and/or  extrapolation  proce¬ 
dure  that  could  be  provided  by  the  aerospace  community. 

Recognizing  this  as  a  problem,  a  program  was  initiated 
by  NASA  Headquarters  Office  of  Aeronautical/Space  Tech¬ 
nology  (OAST)  with  the  objective  to  develop  a  more  con- 
-’stent  and  reliable  methods  for  predicting  the  vibroacoustic 
environment  of  Shuttle  payloads. 


A  data  base  management  and  prediction  system  called 
“Vibroacoustic  Payload  Environment  Prediction  System 
(VAPEPS)”  has  been  developed  to  serve  as  a  repository  for 
Shuttle  or  expendable  booster  payload  component  flight  and 
ground  test  data.  This  system  is  to  be  made  available  to  the 
aerospace  community  for  multiple  uses  including  that  of 
establishing  the  acoustic  induced  environment  for  new  pay- 
load  components.  VAPEPS  data  includes  that  spectral 
information  normally  processed  from  vibration  and  acoustic 
measurements  (e.g.,  power  spectra,  sound-pressure  level 
spectra,  etc.).  Time  history  data  is  presently  not  a  part  of 
the  data  base.  The  data  base  now  includes  only  data  obtain¬ 
ed  from  expendable  booster  payloads.  Data  from  Shuttle 
payloads  will  be  included  in  the  future. 

The  VAPEPS  data  base  management  system  has  been 
configured  to  serve  the  unique  requirements  of  a  local  site 
or  it  can  be  configured  to  serve  many  sites  (figure  1).  When 
shared  by  a  community  of  users  it  provides  for  a  single  uni¬ 
form,  consistent  and  organized  data  base  which  can  be  used 
in  a  cost  effective  manner  to  establish  the  vibroacoustic 
environment  of  payloads/components  for  either  space 
Shuttle  or  expendable  booster  mission. 

The  prediction  procedure  which  has  been  implemented 
in  VAPEPS  is  specifically  designed  to  establish  random  vibra¬ 
tion  and  acoustic  environments  of  new  payload  components 
using  data  obtained  from  similar  design  that  had  been  pre¬ 
viously  flown  or  ground  tested.  The  expanded  extrapolation 
method  implemented  in  the  prediction  procedure  is  based  on 
the  application  of  statistical  energy  analysis  (SEA)  parameters 
for  high  frequencies  and  nondimensional  scaling  parameters 
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Fig.  1  -  VAPEPS  -  Data  Base  Management/Prediction  System 


for  low  frequencies.  This  procedure  also  includes  features 
that  permit  taking  data  from  any  given  flight  or  ground  test 
to  perform  mathematical  and  statistical  operation  on  it  to 
obtain  such  information  as  averaged  or  maximum  levels, 
noise  reduction  and  other  such  analysis  normally  included  in 
flight/ground  test  reports.  To  enhance  the  interrogation  of 
the  data  base  information,  a  search  processor  has  also  been 
implemented  into  VAPEPS. 

The  development  of  the  VAPEPS  Program  will  meet 
the  current  need  for  a  common  data  base  that  can  be  con¬ 
veniently  and  rapidly  updated  as  new  data  becomes  avail¬ 
able,  and  for  an  improved  extrapolation  procedure  wherein 
the  structural  parameterization  is  much  larger  than  that  now 
employed.  The  VAPEPS  software  has  been  written  to  be 
compatible  with  the  Univac  1100  series  (exec.  8),  DEC  VAX 
1 1/780  (VAX/VMS)  and  CDC  6600/7600  operating  system 
computers.  The  NASA/Goddard  Space  Flight  Center 
(GSFC)  served  as  contracting  center  and  technical  monitor 
for  the  Program.  The  purpose  of  this  paper  is  to  present 
the  results  of  the  development  by  the  Lockheed  Missiles 
and  Space  Company  (LMSC)  to  provide  this  capability. 

2.0  VAPEPS  SYSTEM  CONCEPT 

Payload  structures  are  subjected  to  a  wide  variety  of 
loads  during  all  aspects  of  flight.  The  vibroacoustic  loads 
result  from  the  response  of  the  structure  to  acoustically 
induced  vibration  environments  during  actual  flights.  A 
significant  amount  of  data  has  been  acquired  of  these  en¬ 
vironments  during  actual  flights  and  simulated  flight  ground 
tests.  In  the  past,  only  a  small  percentage  of  these  measure¬ 
ments  have  been  used  effectively.  Reasons  for  the  lack  of 
efficient  use  are  primarily  the  result  of  inadequate  measure¬ 
ment  definition,  and  the  lack  of  knowledge  of  their  exist¬ 
ence. 


The  design  goals  of  the  VAPEPS  system  are  to  pro¬ 
vide  an  approach  for  compiling  these  measurement  data  in  3 
a  unified  data  base  which  can  be  rapidly,  and  conveniently 
updated  as  new  data  becomes  available,  and  to  provide  a 
rapid,  reliable,  and  efficient  means  for  establishing  payload 
vibroacoustic  environment  criteria/specifications  from 
this  updated  common  data  base.  To  meet  these  design 
goals,  the  following  phases  of  work  were  undertaken: 

•  Develop  optimum  data  base  and  manage¬ 
ment  system  concept. 

•  Create  initial  data  base  summary  data  bank 
based  on  extensive  collection  of  past  vibro¬ 
acoustic  flight  and  ground  test  data. 

•  Develop  improved  data  search  and  prediction 
procedures. 

•  Develop  computer  software  requirements. 

•  Validate  VAPEPS  Program. 

The  basic  framework  upon  which  the  VAPEPS  system 
concept  has  been  developed  is  illustrated  in  figures  2  and  3. 
The  VAPEPS  system  is  configured  to  operate  in  four  princi¬ 
pal  modes: 

•  Data  Input/Storage 

•  Data  Interrogation/Retrieval 

•  Data  Extrapolation/Prediction 

•  Data  Processing 
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DATA  INPUT/STORAGE  DATA  INTERROGATION/RETRIEVAL 


DATA  PROCESS  DATA  EXTRAPOLATION/PREDICTION 


Fig.  2  -  VAPEPS  System  Concept 
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Fig.  3  -  VAPEPS  System  Overview 


DiU  Input/Storage 

In  this  mode,  the  date  from  a  given  ground  test  or  flight 
is  collected  and  arranged  in  a  manner  that  can  be  input  to 
VAPEPS  to  be  stored  as  a  data  base.  The  data  is  composed 
of  two  parts: 

•  Spectral  data  from  microphone  and  acceler¬ 
ometer  measurements  during  the  event.  This  data  is  read  by 
the  VAPEPS  processor  ENTER. 

•  A  description  of  the  event  through  the  specifi¬ 
cation  of  keywords  and  parameters.  This  includes  the  classi¬ 
fication  of  the  excitation,  location  and  the  structure.  This 
data  is  read  by  the  VAPEPS  processor  PREP. 

Data  Interrogation/Retrieval 

In  this  mode,  the  user  is  looking  for  data  of  a  certain 
type.  This  may  be  data  from  a  particular  type  of  excitation, 
from  a  general  region  in  a  structure,  or  from  a  particular  type 
of  structure.  This  data  interrogation  is  performed  by  the 
VAPEPS  processor  SEARCH.  The  user  will  get  a  list  of 
events  that  satisfy  the  conditions  specified. 

Data  Extrapolation/Prediction 

This  mode  is  designed  to  operate  with  SEARCH.  After 
the  data  base  is  interrogated  for  the  type  of  payload  compo¬ 
nent  and  mounting  structure  on  which  the  prediction  is  to 
be  based,  the  appropriate  data  modules  will  then  be  identi¬ 
fied  from  list  of  event  file  names  produced  by  SEARCH. 
These  files  will  then  be  called  and  operated  on  through 
VAPEPS  to  obtain  the  desired  input  for  the  extrapolation 
or  prediction  program  EXTRAP.  EXTRAP  consists  of  a 
group  of  VAPEPS  commands  which  allow  the  user  to  gen¬ 
erate  transfer  functions  or  scaling  parameters  for  various 
vibroacoustic  systems  and  predict  the  response  of  these 
systems  to  any  given  input. 

Data  Processing 

VAPEPS  includes  an  extensive  data  processing  capa¬ 
bility.  Each  process  is  initiated  by  the  user  through  a 
VAPEPS  command.  Each  command  is  essentially  a  sub¬ 
routine  that  operates  on  one  or  more  input  data  sets  to 
produce  one  or  more  output  data  sets.  In  general,  operations 
desired  by  the  user  will  require  the  use  of  several  commands. 
Command  packets  (coiled  runstreams)  may  be  formed  that 
will  perform  complex  manipulations  through  minimal  user 
input. 

3.0  CREATION  OF  DATA  BASE 
3. 1  Vibroacoustic  Data  Base 

The  vibroacoustic  data  base  consists  of  two  distinct 
parts: 

•  Global  Data  Base-Card  Images 

•  Local  Data  Base-DAL  (Direct  Access  Library) 


Global  Data  Bare 

Before  data  of  a  given  event  can  be  processed  by 
VAPEPS,  it  must  exist  in  the  form  suitable  for  entry  into 
the  system.  Data  input  is  accomplished  through  the  VAPEPS 
processors  ENTER  and  PREP.  One  data  deck  must  be 
created  for  each  processor  for  all  events  to  be  entered  into 
the  system.  The  data  decks  are  the  building  blocks  of  the 
whole  system  and  form  the  global  data  base.  When  an 
event  is  first  recorded,  the  data  decks  will  be  created  by 
the  processing  agency.  The  decks  may  then  be  transmitted 
to  all  other  sites  and  entered  on  each  local  system. 

Local  Data  Base 

The  data  from  the  global  data  base  is  entered  into  a 
local  data  base  at  each  site.  The  local  data  base  consists  of 
mass  storage  files  known  as  DAL  libraries. 

The  VAPEPS  data  base  presently  includes  over  3000 
frequency  spectrums  in  the  form  of  sound  pressure  level, 
vibration  level  or  power  spectral  density  from  analysis  of 
data  from  either  Space  Shuttle  or  expendable  booster  pay- 
load  components  obtained  during  flight  or  ground  test. 

A  summary  of  the  deta  base,  including  a  breakdown  of  the 
number  of  acoustic  and  vibration  spectrums,  is  presented 
in  table  1.  Narrowband  spectrums  (10  Hz  or  less)  of  the 
data  base  cover  the  frequency  range  between  20  and  2000 
Hz  while  proportional  bandwidth  1 /3-octave  spectrums 
include  the  frequency  range  between  25  and  10,000  Hz. 

The  number  of  data  sets  for  each  frequency  range  is  also 
given  in  table  1. 

The  data  base  has  been  separated  into  6  files  consisting 
of  over  60  events.  Each  file  represents  a  significantly  differ¬ 
ent  component  mounting  configuration  and  each  event 
normally  represents  a  specific  test  condition.  While  most 
any  units  can  be  used,  the  data  base  presently  has  the  units 
of  6*/Hz  or  (psi)J/Hz  for  the  spectre]  density  analysis. 
Decibels  are  used  for  the  1 /3-octave  band  sound  pressure 
and  vibration  level  analyses  where  in  both  cases  the  normal¬ 
izing  factor  is  8.4144  X  10_w  (psi)a  org*.  Additional  data 
that  becomes  available  will  be  added  to  the  present  data 
base. 

3.2  ENTER  Processor 

The  VAPEPS  ENTER  processor  is  used  to  enter  and 
store  test  data  in  the  VAPEPS  system.  The  user  specifies 
the  file  that  the  data  will  actually  be  stored  in.  Prior  to 
reading  the  test  data,  ENTER  requires  that  the  user  supply 
some  basic  information  about  the  test  in  general  and  the 
individual  channels  specifically.  When  the  user  supplies 
complete  information,  the  data  set  becomes  fully  self  con¬ 
tained.  If  ail  records  of  the  test  are  lost,  there  is  still  suffi¬ 
cient  description  information  in  the  data  base  to  enable  the 
user  to  determine  the  purpose  of  the  test,  the  basic  test 
configuration,  the  location  and  type  of  each  measurement 
channel,  the  units  of  the  data,  the  bandwidths  and  the 
frequency  range.  It  is  important  to  note  that  ENTER  does 
not  check  the  validity  of  the  information  supplied,  it  merely 
requires  that  the  user  supply  something.  It  Is  the  responsi- 
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TABLE  1 

Vibroacoustic  Data  Base  ( Preliminary ) 


Filename 

No.  of  Vib. 

Band 

Start 

(VAPEPS*) 

Measurements 

Width 

Freq, 

Payload  Characteristics 

2KHz 

lOKHz 

Hz 

Hz 

STS 

118 

24 

1/3  OCT 

25 

Space  telescope  with  simulated 
payload  components 

ID  79 

699 

78 

1/3  OCT 

25 

Simulated  payload  components 
mounted  on  built-up  flat  panels 

B104 

342 

84 

1/3  OCT 

25 

Payload  components  mounted  on 
trusses,  built-up  panels  A  conical 
shells 

B152 

53 

8 

10 

20 

Payload  components  mounted 

254 

178 

1/3  OCT 

25 

on  truss-mounted  built-up 

139 

13 

1/6  OCT 

20 

panels 

B156A 

360 

55 

10 

20 

Payload  components  mounted 

921 

120 

1/3  OCT 

on  truss-mounted  honeycomb 
panels 

B156E 

635 

78 

10 

20 

Panel  mounted  payload 

101 

46 

1/3  OCT 

25 

components 

TOTAL 

1237 

2435 

154 

530 

bility  of  the  user  to  insure  that  the  information  supplied  is 
complete  and  accurate. 

In  addition  to  this  basic  descriptive  information, 

ENTER  requires  that  the  users  supply  some  information 
about  the  data  itself.  ENTER  will  accept  the  data  in  virtually 
any  format,  but  the  user  has  to  tell  ENTER  what  the  format 
is.  Having  been  provided  with  all  of  the  information  that  it 
requires,  ENTER  will  proceed  to  read  and  process  the  data. 
ENTER  will  inform  the  user  of  any  errors  that  it  detects  in 
reading  the  data.  These  errors  are  only  those  which  affect 
ENTER's  ability  to  make  sense  of  the  data  supplied. 

ENTER  provides  the  user  with  the  option  to  enter  the 
data  in  parts.  This  makes  it  possible  to  separately  enter  and 
store  related  data  channels  with  the  same  name  and  still 
maintain  the  parts  separately.  This  process  is  known  as 
sectioning.  The  most  basic  form  of  sectioning,  and  the  one 
which  most  often  will  be  used,  involves  entering  micro¬ 
phone  and  accelerometer  data  separately. 

Output  from  ENTER  consists  of  DAL  elements  of  the 
following  element  names: 

SPOT  =  spectral  data  matrix 

FREQ  =  frequency  matrix 

CHAN  *  channel  descriptor  matrix 

EVNT  *  event  descriptor  vector 

RMSI  *  channel  loot-mean-square  value  vector 


3.3  PREP  Processor 

This  processor  reads  description  from  card  images  that 
defines  an  event,  vehicle  (or  test  specimen)  configuration, 
data  naming  or  channel  details  and  tye  type  of  modules  into 
which  the  data  has  been  configured.  This  information  is 
then  entered  into  the  event  DAL  file.  The  vehicle  or  test 
specimen  is  described  through  a  configuration  oee  as  illus¬ 
trated  in  the  example  of  figure  4  for  a  Shuttle  structure. 

The  capacity  of  the  configuration  tree  can  be  expanded 
if  necessary.  The  names  used  in  the  configuration  tree  can 
be  any  desired,  however,  standardization  is  required  for 
VaPEPS  to  be  shared  by  a  community  of  users.  Recom¬ 
mended  names  for  the  fust  subdivision  of  a  Space  Shuttle 
flight  vehicle  are  indicated  in  figure  4.  Further  naming  can 
best  be  performed  after  the  flight  measurement  program  has 
been  finalized.  The  same  is  true  for  ground  test  programs, 
a  perceptive  naming  system  depends  on  the  payload  com¬ 
ponents  from  which  vibration  and  acoustic  data  are  to  be 
obtained. 

The  configuration  tree  describes  the  mounting  structure 
for  the  payload  component  from  which  data  has  been  ob¬ 
tained.  Structural  and  acoustic  space  details  of  the  pay- 
load  component  itself  are  entered  through  the  data  module 
routine  of  PREP.  This  routine  takes  structural/acoustic/ 
channel  information  and  arranges  it  into  a  format  consistent 
with  that  required  by  the  VAPEPS  prediction  program-see 
section  5.0.  A  data  module  can  be  assigned  to  any  sub¬ 
division  of  the  configuration  tree  and  any  number  of  data 
module  can  be  developed  from  the  data  obtained  for  a 
particular  flight  or  ground  test  event.  This  permits  for 
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example,  measurements  made  to  define  the  nolle  reduction 
characteristics  of  Spacelab  to  also  be  used  to  define  the 
acoustic  environment  of  the  experiments  within  the  lab,  or 
the  environment  of  payload  components  in  the  Shuttle  caiio 
bay  mounted  on  pallets  outside  of  Spacelab.  Thus,  one  set 
of  acoustic  measurements  could  show  in  three  different 
data  modules.  It  should  be  noted  that  the  data  modules  can 
also  be  used  without  vibntion/acoustic  data  to  define  struc- 
tural/acoustic  space  parameters  of  any  given  branch  of  the 
configuration  tree.  Structural/acoustic  parameters  that  can 
be  assigned  are  listed  in  table  2. 

One  of  the  features  of  VAPERS  that  makes  it  an  ex* 
tremely  powerful  tool  is  the  capability  to  pre-program  run- 
streams  which  perform  generalised  tasks.  The  flexibility  of 
the  ENTER  processor  limits  this  capability,  however. 

ENTER  allows  data  to  be  entered  for  any  bandwidth  coven 
ing  any  frequency  range  in  any  of  several  units  and  in  several 
sections.  The  result  is  that  the  form  of  the  data  for  each 


event  is  most  probably  unique.  It  is  very  difficult  to  write 
a  general  mnstream  to  acceaa  and  manipulate  data  which 
are  not  stored  in  a  consistent  manner.  The  PREP  processor 
solves  this  problem  by  creating  a  single  standardised  element 
containing  all  the  data  ftom  a  particular  event.  The  proper¬ 
ties  of  this  standard  data  set  are: 

a.  WITS  ■  decibels  (dB)  for  both  vibration  and 

acoustic  data  normalised  to  8.4144 
X  10-“  .(pal)1  org*. 

b.  BANDWIDTH- 1/3 Octave. 

c.  FREQUENCY  RANGE  -  10  to  10,000  Hs. 

PREP  locates  all  of  the  sections  associated  with  the 
event  and  combines  them  into  a  single  element  having  these 
properties,  miking  conversions  as  necessary.  PREP  uses  the 
reference  level  for  bands  outside  the  range  of  the  test  data. 


TABLE  2 

VAPEPS  Structural  and  Acoustic  Parameters 


1 

2 

— 

3 

4 

5 

6 

■ 

EXT  A 

SKIN 

1NTA 

MONT 

INST 

FRAME 

DESCRIPTION 

m 

TYPE 

TYPE 

TYPE 

TYPE 

TYPE 

TYPE 

* 

2 

ROW 

ROW 

ROW 

ROW 

ROW 

ROW 

Mass  density  (  all  structural  smeared  in  ) 

3 

XTYP 

XTYP 

Cross  section  type* 

4 

CO 

CL 

CO 

CL 

CL 

CL 

Wave  speed 

5 

V 

V 

Volume 

6 

H 

H 

H 

H 

Thickness  (  equivalent,  based  on  flexural 
stiffness) 

7 

AP 

AP 

AP 

AP 

AP 

Total  surface  area 

8 

BL 

BL 

BL 

BL 

Length 

mm 

AAC 

AAC 

Acoustic  absorption  coefficient 

ALX 

D1 

ALX 

DI 

DI,  DO:  Inner,  outer  diameter 

mm 

ALY 

DO 

ALY 

DO 

ALX,  ALY:  Sub-panel  dimensions 

pfl 

B 

B 

Width 

■9 

D 

D 

Diameter 

Kfl 

CNT 

No.  of  beams 

15 

DLF 

DLF 

DLF 

DLF 

Structural  damping  loss  factor 

16 

E 

E 

E 

E 

Young’s  modulus 

17 

G 

G 

Shear  modulus 

18 

T 

T 

Torsional  stiffness  per  unit  length 

It 

PJ 

PJ 

Polar  moment  of  inertia 

20 

A 

A 

Cross  section  area 

2t 

RGF 

RGF 

Flexural  radius  of  gyration 

22 

PATA 

PATA 

Total  length  of  discontinuity* 

23 

ALPHA 

Orientation  angle* 

24 

BETA 

Orientation  angle* 

25 

RATE 

RATE :  Attenuation  factor  (dB/octave) 

26 

ROWS 

CFRQ 

ROWS 

ROWS:  Surface  mass  density  of  bare  akin 
CFRQ:  Frequency  at  which  to  begin 

attenuation 

27 

VEL 

Velocity  of  flying  body 

28 

vise 

Kinematic  viscosity  of  fluid 

29 

FBL 

Length  of  flying  body 

30 

NSMS 

NSMS 

N  on-structural  mass 

*  Items  explained  in  ref.  2 
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The  advantage  of  having  all  data  converted  to  a  standard 
form  is  that  the  user  can  write  general  runttreams  to  access 
and  manipulate.  The  user  knows  ahead  of  time  that  the  data 
represent  1/3-octave  bands  from  10  to  10,000  Hi  and  that 
they  are  always  expressed  in  terms  of  dB. 

The  five  major  sections  to  PREP  can  be  summarized  as 
follows: 

a.  Data  collection  and  conversion  (CHECK 
command) 

The  first  step  in  PREP  is  to  collect  all  of  the 
spectral  data  that  was  input  through  ENTER  and  convert 
it  to  standard  units.  This  process  is  performed  automati¬ 
cally  the  first  time  an  event  is  PREP’ed  as  long  a*  there 
•re  more  than  one  section.  If  the  ENTER  data  is  changed, 
the  conversions  may  be  redone  by  issuing  the  CHECK  com¬ 
mand  while  in  PREP. 

b.  Basic  bookkeeping  information  (BOOK  com¬ 
mand) 

In  this  section,  the  user  supplies  descriptive  infor¬ 
mation  that  is  used  to  categorize  the  event  as  a  whole. 
Entries  Include  the  time,  date  and  location  of  the  event  as 
well  as  the  various  names  given  the  event  by  participating 
agencies. 

c.  Measurement  types  and  locations  (CHAN 
command) 

This  section  is  used  to  edit  and/or  list  the  channel 
table  that  is  created  during  the  CHECK  process.  This  table 
contains  a  valid  frequency  range  for  each  channel  as  well  as 


the  coordinates  of  the  transducer.  Initially,  all  coordinates 
are  set  to  zero  and  all  frequency  ranges  are  set  to  the  fre¬ 
quency  limits  used  during  original  data  processing.  Bad 
channels  may  be  marked  by  reducing  the  valid  frequency 
range  or  zeroing  it  out  completely. 

d.  Vehicle  configuration  tree  (CONF  command) 

This  section  is  used  to  describe  the  vehicle  that  was 
tested  or  down.  This  description  is  developed  by  assigning 
each  component  to  a  branch  in  a  configuration  tree  and 
giving  the  branch  a  name. 

e.  Data  modules  and  acoustic/structural  param¬ 
eters  (MODULES  command) 

The  purpose  of  this  section  is  to  describe  the  local 
environment  of  each  measurement  zone.  The  description 
takes  the  form  of  a  SEA  (Statistical  Energy  Analysis)  model. 
Each  measurement  zone  is  identified  as  one  of  five  elements 
in  the  SEA  model  and  the  parameters  required  to  describe 
that  element  are  supplied  by  the  user.  The  section  S.O  on 
EXTRAP  contains  a  complete  description  of  the  SEA  model 
and  the  parameters  required  for  each  element  in  it. 

4.0  INTERROGATION  OF  DATA  BASE 

VAPEPS  has  the  capability  of  extrapolating  predicted 
payload  responses  from  theoretical  calculations  and  meas¬ 
ured  data.  The  user  supplies  models  for  the  system  to  be 
predicted  and  a  similar,  previously  tested  system  and 
VAPEPS  does  the  rest.  As  the  models  are  created  and 
attached  to  each  set  of  test  data  for  extrapolation  purposes, 
the  user  need  only  determine  which  set  of  test  data  is  most 
closely  related  to  the  new  system  to  be  predicted.  As  the 
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data  baa*  grows,  tha  talk  of  find  ini  that  particular  att  of 
data  wm  become  mora  and  more  difficult.  A  large  amount 
of  tima  would  hava  to  ba  apent  impacting  tha  various  param¬ 
eter!  aaaodatad  with  aach  act  of  teat  data  bafote  arriving  at 
a  decision  on  which  set  to  uae. 

Tha  VaPEPS  SEARCH  processor  was  developed  to  aid 
in  this  task.  Tha  usar  specifies  a  sat  of  required  parsmatars 
and  SEARCH  inspects  the  information  previously  entered 
through  th*  PREP  processor  to  produce  a  list  of  test  events 
that  meet  those  requirements,  (assuming  that  all  users  have 
been  conscientious  in  supplying  the  descriptive  information 
in  PREP).  The  importance  of  PREP  to  the  success  of  the 
V APE  PS  system  becomes  obvious. 

The  SEARCH  processor  is  divided  into  sections  which 
correspond  to  the  various  sections  in  PREP.  The  user  speci¬ 
fies  a  list  name  which  SEARCH  will  associate  with  the  list 
of  events  found.  Each  successive  search  will  modify  the  list 
to  reflect  the  results  of  that  search.  As  an  example,  the 
user  might  enter  the  BOOK  section  of  the  SEARCH  proces¬ 
sor  and  request  a  Ust  of  events  which  were  tested  at  the 
Eastern  Test  Range  (ETR)  during  1979.  He  might  then 
enter  the  CONFIGURATIONS  section  of  the  SEARCH 
processor  and  request  a  list  of  events  that  included  a  Space- 
lab.  This  search  could  be  performed  on  all  events  in  the 
data  base,  or  it  could  be  limited  to  the  events  in  another 
list,  namely  the  list  created  in  the  BOOK  section.  In  this 
latter  case  the  result  would  be  a  list  of  all  events  tested 
during  1979  at  ETR  which  included  a  Spacelab. 

Some  basic  considerations  to  be  kept  In  mind  when 
using  the  SEARCH  processor  are: 

a.  The  SEARCH  processor  is  divided  into  sec¬ 

tions.  Each  section  searches  a  different  area 
of  information.  The  sections  correspond  to 
the  sections  in  the  PREP  processor,  as  follows: 

BOOK  11  Searches  all  information  en¬ 

tered  through  the  BOOK  sec¬ 
tion  of  the  PREP  processor. 

EVENT  *  Searches  only  information 

entered  through  the  PROC 
command  in  the  BOOK  section 
of  the  PREP  processor. 

CONF  “  Searches  only  information 

entered  through  the  CONF 
section  of  the  PREP  processor. 

MODULES  “  Searches  only  information 

entered  through  the  MODULES 
section  of  the  PREP  processor. 

A  good  knowledge  of  PREP  is  required  for  effective 
use  of  SEARCH. 

b.  The  user  specifies  a  four-character  name  for 
each  list  created.  He  can  specify  that  all  events 
are  to  be  searched  in  creating  the  Ust,  or  he  can 
limit  the  search  to  those  events  contained  in 
some  other  list. 


c.  The  usar  specifies  a  logical  operation  to  be 
applied  vo  the  list  of  parameters  requested. 

The  logical  operations  are  AND,  OR  and  NOT. 
When  the  AND  operation  it  sped  fled,  each 
event  placed  in  the  output  list  includes  every 
parameter  requested.  When  the  OR  operation 
it  specified,  each  event  placed  in  the  output 
Uat  indudet  at  least  one  of  tha  parameters 
requested.  When  the  NOT  operation  it  speci¬ 
fied,  each  event  placed  in  the  output  Ust  will 
include  none  of  the  parameters  requested. 

The  SEARCH  processor  includes  varioua  list  manipula¬ 
tion  commands  as  well  as  the  four  basic  search  sections 
described  above. 

5.0  PREDICTION  CAPABILITY 

The  response  of  new  payload  component  can  be  pre¬ 
dicted  by  using  the  combined  procedure  of  dau  base  and 
theoretical  extrapolations.  Two  extrapolation  procedures 
ate  available  in  VAPEPS: 

EXTRAP  I -Employs  statistical  energy  techniques 
to  make  predictions;  not  recommended 
for  low  frequency  predictions. 

EXTRAP  II -Employs  a  scaling  technique  to  ob¬ 
tain  the  response  of  the  new  com¬ 
ponent  based  on  measured  response 
of  a  similar  component;  recommend¬ 
ed  for  low  frequency  predictions. 

5.1  EXTRAP  I 
Description 

EXTRAP  I  consists  of  a  group  of  VAPEPS  commands 
which  allow  the  user  to  generate  transfer  functions  for 
various  vibroacouttic  systems  and  predict  the  response  of 
these  systems  to  any  given  input.  It  is  not  actually  a  proces¬ 
sor.  Unlike  the  processors  discusMd  thus  far,  EXTRAP  I 
does  not  require  that  a  specific  command  be  issued  prior  to 
issuing  the  EXTRAP I  commands.  Any  of  the  EXTRAP  I 
commands  may  be  issued  st  any  time  directly  from 
VAPEPS. 

Prediction  Modcl-The  payload  component  mounting  system 
is  modelled  using  Statistics)  Energy  Analysis  (SEA)  methods. 
The  complete  model  consists  of  five  elements  which  interact 
with  each  other  in  specific  ways.  An  EXTRAP  model  may 
consist  of  any  combination  of  these  five  elements.  The  full 
five  element  model  is  shown  in  figure  5.  The  names  of  the 
elements  are  EXTA  (External  Acoustic  Space),  SKIN,  INTA 
(Internal  Acoustic  Space),  MONT  (Mount)  and  INST  (Instal¬ 
lation).  The  name  and  number  associated  with  each  element 
is  fixed,  even  if  some  elements  are  missing  in  the  model  of  a 
particular  configuration. 

SEA  elements  cen  be  either  active  or  inactive.  An  in¬ 
active  element  has  a  negligible  amount  of  energy  in  compari¬ 
son  with  the  energy  associated  with  active  elements.  How¬ 
ever,  it  does  establish  a  path  for  energy  transfer.  Shown  in 


figure  6  h  the  basic  and  expanded  matrix  equation  of  energy 
balance  for  the  model. 

EXTRAP  I  derive*  energy  balance  equations  for  each 
SEA  element.  If  a  SEA  element  is  missing,  the  energy 
balance  equation  associated  with  it  don  not  exist.  A  reduced 
matrix  equation  is  therefor*  obtained  by  eliminating  the 
column  and  row  associated  with  this  missing  element  in  the 
matrix  equation.  The  elements  of  this  matrix  consist  of  a 
combination  of  coupling  loss  factors  which  are  functions  of 
system  configurations  and  parameters  as  shown  in  figure  6. 
Most  coupling  loss  factors  between  acoustic  spaces  and 
structures  can  be  found  in  open  literature  (e.g.,  reference  1), 
Mechanical  coupling  information  is  relatively  limited.  Moat 
of  them  are  not  readily  available  in  literature. 

Transfer  Function-The  matrix  equation  shown  in  figure  6  is 
a  function  of  1 /3-octave  band  center  frequency.  By  solving 
the  matrix  equation  band  by  band,  the  transfer  functions 
between  any  of  the  SEA  elements  can  be  obtained.  The 
transfer  function  to  be  obtained  is  specified  by  the  user. 

The  calculation  of  a  transfer  (Unction  involves  four 
steps: 

1 .  The  model  densities  of  each  SEA  element  are  cal* 
culated  based  on  the  structural  parameters  associ¬ 
ated  with  them. 

2.  The  form  of  the  reduced  matrix  equation  is  then 
obtained  according  to  the  specified  SEA  model. 

3.  Coupling  loss  factors  are  calculated. 

4.  The  reduced  matrix  is  solved  for  each  transfer 
function  required. 

Any  element  in  the  SEA  model  can  be  designated  as 
a  response  element  or  an  excitation  element.  There  may  be 
more  than  one  excitation  element  for  a  single  response 
element.  As  an  example,  suppose  that  the  external  acoustic 
space  (element  1 )  and  the  internal  acoustic  space  (element  3) 
are  designated  as  excitation  elements  and  the  installation 
(element  S)  is  designated  as  the  response  element.  The 
transfer  functional  relationship  would  then  be: 

ES-T1  XE1+T3XE3  (I) 

where  T1  and  T3  are  the  transfer  functions  associated  with 
excitation  elements  1  and  3,  respectively,  and  E 1,  E3  and  ES 
represent  the  energy  stored  in  each  element.  T1  is  obtained 
by  solving  the  governing  matrix  equation  with  excitation 
E3  set  to  zero. 

Extrapolation-The  process  outlined  in  the  previous  section 
is  repeated  for  both  the  base-line  system  and  the  new  system. 
Because  we  normally  have  only  one  set  of  independent  data 
for  the  base-line  system,  only  one  transfer  function  can  be 
established  empirically.  As  in  the  example  of  equation  (I ), 
more  than  one  transfer  function  is  needed  from  the  base¬ 
line  configuration.  Since  only  one  can  be  established  empiri¬ 
cally,  it  is  necessary  to  determine  the  rest  of  the  required 
transfer  functions  theoretically.  The  user  specifies  which 
transfer  function  is  found  empirically  and  which  transfer 


function*  are  calculated  theoretically.  The  element  of  the 
model  for  which  theoretical  transfer  function  calculations 
are  considered  most  unreliable  should  be  that  which  is 
determined  empirically.  Suppose  that,  in  equation  ( 1 ), 
transfer  function  T I  is  to  be  determined  empirically.  The 
other  transfer  (Unction,  T3  in  this  case,  is  theoretically 
calculated  in  EXTRAP  I.  With  the  measured  data  E I ,  E3 
and  ES  and  the  calculated  transfer  (Unction  T3,  the  transfer 
function  Tl  can  be  found  through  equation  (1). 

The  transfer  (Unction  T 1*  of  the  new  system  is  deter¬ 
mined  from  Tl  of  the  base-line  system  as: 

Tl'-TIXdTI  (2) 

where  Tl  is  the  empirically  determined  transfer  function  of 
the  base-line  system  and  dT  I  is  the  ratio  of  theoretically 
calculated  transfer  (Unctions  of  the  new  and  base-line  sys¬ 
tems.  The  response  (in  terms  of  energy  ES')  of  the  new 
system  under  excitations  El'  and  E3'  is: 

ES’  *  Tl'  X  El'  +  T3'  X  E3'  (3) 

where  Tl'  is  obtained  from  equation  (2)  and  T3'  is  calculated 
theoretically. 

In  the  procedure  outlined  above,  the  energy  in  1/3- 
octave  bands  is  the  pertinent  quantity.  However,  excitation 
and  response  data  are  usually  expressed  in  terms  of  the  mean- 
square  value  of  pressure  or  acceleration.  A  conversion  proc¬ 
ess  has  been  incorporated  into  EXTRAP  to  handle  the 
transformation. 

Parameter  Input-The  parameters  for  each  SEA  element  are 
summarized  in  table  2  .  The  meanings  of  most  of  the 
parameters  are  self-explanatory;  some  are  explained  in 
reference  2.  The  first  five  columns  of  this  30  X  6  array  con¬ 
tain  parameters  for  the  corresponding  SEA  element  (i.e., 
column  I  goes  with  element  1,  etc.).  The  sixth  column 
contains  the  parameters  for  the  mounting  frame  which  is 
not  an  element  in  the  SEA  model.  However,  it  is  used  when 
the  mount  (element  4)  is  a  truss.  The  mounting  frame  is  a 
structure  to  which  the  truss  is  attached.  If  the  truss  is 
directly  attached  to  the  skin,  the  mounting  ftame  should 
be  modelled  with  the  properties  of  the  skin. 

5.2  EXTRAP  II 

Description 

EXTRAP  II  is  an  alternate  prediction  technique. 
EXTRAP  II  is  recommended  over  EXTRAP  I  when  accurate 
predictions  in  the  low  frequency  regime  are  required.  EX¬ 
TRAP  II  requires  a  high  degree  of  dynamic  similarity  be¬ 
tween  the  previously  tested  configuration  and  the  new  con¬ 
figuration. 

Prediction  Model-EXTRAP  II  accesses  the  same  parameter 
table  as  EXTRAP  I.  Thus,  it  is  possible  to  use  the  same 
model  for  both  prediction  techniques.  However,  whereas 
EXTRAP  I  allows  any  of  the  five  SEA  elements  to  be  desig¬ 
nated  as  response  element;,,  EXTRAP  II  will  allow  elements 
2  or  5  as  response  elements. 
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—  -  NON-RESONANT  TRAN8MISS. 


Fig.  S  —  Mathematical  (SEA)  Model  of  Prediction  Procedure 
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The  corrected  data  are  reorganized  into  standard  1 /3-octave 
banOs  based  on  the  corrected  frequency  values. 

Extrapolation- The  response  scaling  function  equation  (4) 
and  the  correction  factors  equations  (5)-(9)  are  processed 
by  the  execution  of  a  single  VAPEPS  command  called 
SCALE.  Detailed  description  of  this  command  and  the 
required  input  parameters  are  presented  in  reference  2. 

S.3  Probabilistic  Consideration 

The  results  produced  by  the  VAPEPS  prediction  proce¬ 
dure  (EXTRAP  1/11)  in  some  cases  should  not  be  used  in  a 
deterministic  way.  For  example,  one  cannot  interrogate  the 
data  base,  obtain  data  from  one  payload  component  location, 
make  a  prediction  using  this  data  and  expect  to  find  very 
good  agreement  with  data  obtained  from  a  measurement 
made  during  another  acoustic  test  of  a  payload  component 
with  the  same  classification  as  the  payload  component  being 
used  from  the  data  base.  Structural  parameters  can  vary 
significantly  among  payloads  components  classified  u  being 


the  same  or  in  fact  are  the  same  with  respect  to  having  been 
constructed  against  the  tame  requirements.  Predictions 
should  be  treated  in  a  probabilistic  manner  and  die  useful¬ 
ness  of  these  predictions  will  depend  on  the  site  of  the  data 
bate  used.  The  implementation  of  probabilistic  prediction 
methods  in  VAPEPS  can  be  accomplished  by  forming  com¬ 
mand  packets  via  the  use  of  the  extensive  data  processing 
capability  of  VAPEPS. 

In  general  probabilistic  prediction  methods  should  be 
developed  to  be  compatible  with  prediction  models  imple¬ 
mented  in  EXTRAP  I/ll.  Probabilistic  models  baaed  on  the 
five  element  SEA  model  approach  of  EXTRAP  I  and  on  the 
response  scaling  approach  of  EXTRAP  II  need  to  be  investi¬ 
gated.  The  extent  to  which  these  probabilistic  models  can 
be  implemented  in  VAPEPS  will  require  additional  studies. 

6.0  VAPEPS  VALIDATION 

The  requirements  for  validating  VAPEPS  are  charac¬ 
terized  as  two  major  types: 

•  Software  Validation 

•  Prediction  Capability 

Software  Validation 

Software  validation  is  defined  as  tasks  specifically  per¬ 
formed  to  evaluate  the  individual  performance  of  each 
VAPEPS  processor  ENTER,  PREP,  SEARCH  and  EXTRAP 
procedure,  and  to  evaluate  the  performance  of  the  VAPEPS 
processors  operating  in  an  end-to-end  system  configuration. 
Each  VAPEPS  processor,  or  procedure,  is  being  evaluated 
and  demonstrated  via  the  extensive  use  of  sample  problems 
which  will  also  be  included  in  the  VAPEPS  documentation. 
The  interfacing  aspects  of  the  processors  for  an  end-to-end 
VAPEPS  system  spplication  are  also  being  evaluated  and 
demonstrated  on  sample  problems  to  show  relationship 
and  significance  of  execution. 

Prediction  Capability 

The  capability  of  VAPEPS  EXTRAP  procedures  to  pre¬ 
dict  vibroacoustic  results  for  new  configurations  is  being 
evaluated  by  means  of  demonstration  problems.  This  is 
accomplished  by  using  one  of  the  event  in  the  data  base  as 
a  referenced  event,  walking  the  user  through  ENTER,  PREP 
and  SEARCH,  and  with  a  configuration  on  which  flight  or 
ground  test  data  is  available,  predict  the  .esults  via  EXTRAP 
and  correlate  the  results  with  the  measured  data. 

The  above  two  types  of  validation  based  on  demonstra¬ 
tion  problems  will  be  sufficient  for  validating  the  VAPEPS 
system  and  provide  the  level  of  confidence  needed  by  poten¬ 
tial  users. 

7.0  CONCLUDING  REMARKS 

The  discussion  presented  in  the  preceding  sections  has 
outlined  the  development  of  a  data  base  management  and 
prediction  system  for  payload  vibroacoustic  environments. 
The  development  has  included  the  creation  of  an  initial  data 
base  summary  data  bank  based  on  past  vibroacoustic  flight 


end  ground  test  data  and  the  development  of  computer  soft* 
were*  required  for  efficient  data  entry,  identification,  interro¬ 
gation  and  retrieval.  Included  i*  a  prr  iiction  procedure 
specifically  designed  to  eatabliah  the  vibroacouttic  environ¬ 
ment  of  new  payloadt  using  data  obtained  from  limiltr 
design  that  had  been  previously  flown  or  ground  tested. 
Although  the  overall  data  base  management  and  prediction 
system  is  not  yet  in  its  final  and  complete  version,  and  its 
validation  has  not  been  fully  completed,  it  is  apparent  that 
the  herein  discussed  approach  used  in  the  development  effort 
has  resulted  in  a  prediction  procedure  which  can  be  expected 
to  give  reliable  estimates  of  payload  vibroacoustic  environ¬ 
mental  levels.  Furthermore,  the  VAPEPS  data  base  manage¬ 
ment  and  prediction  system  can  be  used  to  serve  the  unique 
requirements  of  a  local  site  or  it  can  be  configured  to  serve 
many  sites.  When  shared  by  a  community  of  users,  it  pro¬ 
vides  for  a  single  uniform,  consistent  and  organised  data  base 
which  can  be  used  in  a  cost  effect  it  manner  to  establish  the 
vibroacoustic  environment  of  payload  components  for  either 
Space  Shuttle  or  expendable  booster  missions. 
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AUTOMATION  OF  VIBROACOUSTIC  DATA  BANK 


FOR  RANDOM  VIBRATION  CRITERIA  DEVELOPMENT 
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A  computerized  data  bank  system  has  been  devt-^ed  for  utili¬ 
zation  of  large  amounts  of  vibration  and  acoustic  data  to 
formulate  component  random  vibration  design  and  test  criteria. 
This  system  consists  of  a  computer,  graphics  table  ,  and  a 
dry-silver  hard  copier  which  are  all  desk-top  typu  hardware 
and  occupy  minimal  space.  Currently,  the  data  bank  contains 
data  from  the  Saturn  V  and  Titan  III  flight  and  static  test 
programs.  The  vibration  and  acoustic  data  are  stored  in  the 
form  of  power  spectral  density  and  one-third  octave  band  plots 
over  the  frequency  range  from  20  to  2000  Hz.  The  data  was 
stored  by  digitizing  each  spectral  plot  by  tracing  with  the 
graphics  tablet.  The  digitized  data  was  statistically  analy¬ 
zed  and  the  resulting  97.5%  probability  levels  were  stored  on 
tape  along  with  the  appropriate  structural  parameters.  Stan¬ 
dard  extrapolation  procedures  were  programmed  for  prediction 
of  component  random  vibration  test  criteria  for  new  launch 
vehicle  and  payload  configurations.  This  automated  vibro- 
acoustic  data  bank  system  greatly  enhances  the  speed  and 
accuracy  of  formulating  vibration  test  criteria.  In  the 
future,  the  data  bank  will  be  expanded  to  include  all  data 
acquired  from  the  Space  Shuttle  flight  test  program. 


INTRODUCTION 

The  engine  generated  acoustic  and 
aerodynamic  fluctuating  pressure  envir¬ 
onments  produced  by  space  launch  vehic¬ 
les  create  substantial  vibratory  motion 
of  the  vehicle  structure.  Tne  predic¬ 
tion  of  these  vibration  environments  is 
critical  for  the  success  of  the  missions. 
The  broadband  response  characteristics 
of  the  complex  vehicle  structures  pre¬ 
clude  established  analytical  methods  of 
prediction,  so  an  extrapolation  method 
based  on  past  space  vehicle  test  pro¬ 
grams  was  developed  (1).  This  method 
relies  on  an  established  scaling  tech¬ 
nique  to  predict  the  new  structure's 
response.  Because  of  the  large  and 
rapidly  growing  data  base  and  the  vol¬ 
uminous  amount  of  criteria  required  to 
support  Space  Shuttle  launches,  an 
automated  method  was  needed  to  speed  up 
the  prediction  process.  A  computer 
system  was  developed  that  stores  the 
data  base  and  scales  the  data  to  pre¬ 
dict  and  formulate  new  component  . 
design  and  test  criteria. 


SCALING  TECHNIQUE 

Vibration  response  prediction  using 
data  banks  is  based  on  the  principle  of 
dynamic  similarity.  An  acoustic  or 
fluctuating  pressure  field  impinging  on 
■=>  vehicle's  skin  will  produce  a  vibra¬ 
tion  response  that  can  be  extrapolated 
from  past  vehicles  that  had  similar 
structures.  The  scaling  is  based  on  the 
following  equation: 

[P„(f> 

FRTTT 

where:  G^(f)  =  the  predicted 

response  of  the  new 
vehicle  structure 
as  a  function  of 
frequency,  in  gVHz 

G^(f)  =  the  data  bank  (ref¬ 
erence)  vibration 
response,  in  g2/Hz 

Pjj ( f )  =  the  new  acoustic 
forcing  function 


P„(f)  =  the  reference  acous¬ 
tic  forcing  function 

WR  =  the  surface  weight  of 
the  reference  structure 

Wjj  =  the  surface  weight  of 
the  new  structure 


For  the  convenience  of  storing  only 
one  acoustic  spectrum  per  file,  all 
acoustic  data  was  normalized  to  an  arbi¬ 
trary  acoustic  spectrum,  Fig.  1,  accord¬ 
ing  to  the  following  equation: 


where  the  subscript  M  refers  to 
measured  data. 


To  account  for  the  alteration  in 
response  caused  by  mounting  a  component 
to  the  primary  structure,  the  following 
correction  factor  can  be  applied  to  the 
equation  (2): 


where:  =  weight  of  new  structure 

Wc  =  weight  of  component 


Equation  1  now  becomes: 


Currently,  the  data  bank  contains 
vibration  and  acoustic  spectra  from 
several  Saturn  V  flight  and  static 
tests  and  from  the  Titan  III  flight  pro¬ 
gram.  These  spectra  are  in  the  form  of 
97.5%  confidence  level  frequency  plots 
from  20  to  2000  Hz  in  5  Hz  increments. 
The  97.5%  confidence  level  was  chosen 
since  it  provides  a  reasonable  degree 
of  certainty  without  being  overconser¬ 
vative.  The  vibration  data  is  in  power 
spectral  density  form  while  the  acous¬ 
tic  data  is  in  one-third  octave  band 
spectra.  Several  identifying  parame¬ 
ters  are  stored  along  with  each  spec¬ 
trum.  In  the  future,  the  data  bank 
will  contain  data  from  the  Space 
Shuttle  program. 

The  data  was  categorized  according 
to  the  type  of  structure,  i.e.,  ring 
frame,  skin,  skin-stringer,  and  honey¬ 
comb.  Graphite-epoxy  composite  struc¬ 
ture  will  be  available  from  the  Space 
Shuttle.  The  data  was  further  sub¬ 
grouped  according  to  specific  structur¬ 
al  parameters  such  as  the  size  of  the 
ring  frame  or  the  thickness  of  the  skin 
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FREQUENCY  IN  HERTZ 

Fig.  1  -  Reference  Acoustic  Function 
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or  the  weight  of  the  stringers.  Gener¬ 
ally)  measurements  in  three  directions 
were  available:  longitudinal  (along  the 
vehicle's  axis),  radial  (perpendicular 
to  the  skin),  and  tangential  (along  the 
vehicle's  roll  axis). 

THE  COMPUTER  SYSTEM 

The  computer  system  is  based  on  a 
Tektronix  4052  computer  with  64K  bytes 
of  memory  and  peripheral  equipment  as 
shown  in  Fig.  2.  Data  is  entered  into 
the  system  using  a  Tektronix  4956 
graphics  tablet  and  cursor.  The  data 
is  stored  on  the  computer's  internal 
tape  cassette  or  on  an  optional  Tek¬ 
tronix  4907  floppy  disk.  A  Tektronix 
4631  dry-silver  copier  provides  a 
permanent  hard  copy  of  all  criteria. 
Total  system  cost  is  about  $25,000  and 
all  items  are  easily  available. 

Data  is  entered  into  the  system  by 
placing  a  spectrum  on  the  4956  tablet 
and  tracing  the  curve.  The  tablet 
digitizes  the  spectrum  and  the  computer 
interpolates  at  5  Hz  increments.  Each 
spectrum  is  held  in  memory  until  the 
measurements  from  all  flights  are 
stored.  From  three  to  eight  spectra 
can  be  held  in  memory  at  one  time.  The 
computer  then  calculates  the  97.5%  con¬ 


fidence  level  of  the  data  and  stores  this 
spectrum  on  the  tape.  Next,  the  acoustic 
spectra  that  correspond  to  the  vibration 
measurements  are  digitized  and  their  con¬ 
fidence  level  is  computed.  This  spectrum 
is  also  stored  on  tape.  These  two  confi¬ 
dence  leve)  spectra  are  then  normalized 
to  the  reference  acoustic  spectrum  in 
Fig.  1  and  the  result  is  stored  on  a  per¬ 
manent  tape  file.  Several  identifying 
parameters  are  stored  with  the  spectrum 
and  some  of  these  parameters  are  stored 
on  a  directory  file  at  the  beginning  of 
the  tape  to  provide  a  quick  reference. 

Up  to  63  spectra  can  be  stored  on  one 
tape,  and  approximately  twice  that  number 
can  be  stored  on  a  floppy  disk.  The  data 
bank  presently  contains  98  skin,  skin- 
stringer,  and  ring  frame  vibration  spec¬ 
tra.  Figs.  3  and  4  show  typical  vibra¬ 
tion  and  acoustic  spectra.  The  numbers 
on  the  right  side  of  the  plot  are  a  tape 
identification  number  and  the  file  number 
on  the  tape. 

Once  the  data  has  been  stored  on  the 
tape,'  the  user  can  access  any  spectrum 
for  use  in  deriving  vibration  criteria. 
The  first  step  in  this  process  is  to  re¬ 
view  the  tape  file  directories  and  choose 
a  data  bank  structure  that  matches  the 
new  structure  as  closely  as  possible. 

Next ,  a  backup  area  must  be  chosen  and 


Fig.  2  -  Vibroacoustic  Data  Bank  Schematic 
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Fig.  3  -  Vibration  Spectrum 
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the  structural  weight  calculated.  This 
is  done  by  adding  the  weights  of  the 
skin,  stringers,  and  rings  over  the 
backup  area.  The  backup  area  should  be 
large  enough  to  encompass  any  compon¬ 
ents  that  may  be  mounted  to  the  struc¬ 
ture.  The  componen.  weight  must  also 
be  known. 

There  are  two  ways  of  storing  the 
new  acoustic  spectrum  on  a  tape  file: 
using  the  graphic  tablet  or  by  hand. 

If  the  spectrum  is  given  in  the  form  of 
a  semi-log  plot,  the  tablet  can  be  used 
to  digitize  the  information  and  store 
it  on  tape.  Often,  the  spectrum  is  in 
the  form  of  a  specification  and  just 
the  values  at  the  one-third  octave  fre¬ 
quencies  are  given.  In  this  cuse,  the 
numbers  can  be  entered  on  the  computer 
keyboard  and  stored  on  the  tape.  All 
acoustic  spectra  should  be  in  one-third 
octave  band  values. 

The  program  is  accessed  by  reading 
the  program  into  memory  from  a  tape. 
Once  it  is  running,  the  program  prompts 
for  the  needed  information:  the  file 
numbers  of  the  reference  vibration  spec¬ 
trum,  reference  acoustic  spectrum,  new 
acoustic  spectrum,  and  the  component 
weight,  if  any.  The  scaled  vibration 
spectrum  is  then  plotted,  allowing  for 
structural  parameters  to  be  typed  at 


the  top  of  the  page. 

The  criteria  can  then  be  drawn  over 
the  spectrum  by  manipulating  the  cursor 
using  five  user  definable  keys.  When 
the  criteria  lines  are  drawn,  another 
key  is  pressed  and  a  table  of  criteria 
values  and  slopes  are  printed.  Figs.  5 
and  6  show  the  predicted  vibration  spec¬ 
trum  with  the  criteria  and  the  criteria 
table.  Figure  5  contains  enough  infor¬ 
mation  to  reproduce  the  spectrum  if  the 
need  arises.  The  flow  chart  in  Fig.  7 
shows  the  criteria  derivation  process. 

This  system  takes  the  burden  of  re¬ 
petitive  calculation  off  of  the  engin¬ 
eer  and  allows  him  to  concentrate  on 
choosing  an  appropriate  reference  struc¬ 
ture  and  refining  the  final  criteria. 

It  takes  approximately  two  to  three 
minutes  to  derive  a  criteria  once  the 
parameters  are  chosen.  This  represents 
a  tremendous  productivity  increase  with 
increased  accuracy  and  reliability.  It 
is  estimated  that  this  system  speeds  up 
the  criteria  derivation  process  by  two 
to  five  times  at  a  very  modest  hardware 
cost.  With  the  cost  of  manpower  in¬ 
creasing  and  the  cost  of  computer  sys¬ 
tems  decreasing,  this  computerized  data 
bank  represents  a  substantial  savings 
to  the  government  and  industry. 
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Fig.  5  -  Scaled  Vibration  Spectrum  with  Criteria 
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Fig.  7  -  Criteria  Derivation  Process 
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Thn  uni  qua  8paco  Shuttle  vehicle  also,  weight,  and  configuration 
hm  given  riaa  to  problem*  in  determining  vibration  roqoirnoanta  and 
in  verifying  atructural  integrity  for  anticipated  niaaioo  environment*. 
Tha  application  of  larga-acala  vibration  ta* ting  baa  played  a  prominent 
part  in  qualifying  tha  Shuttle  for  ita  intended  niaaiona. 

Severe  vibration  excitation  from  rocket  eegiaea,  aarodynaaic  aoiae, 
and  onboard  equipment  are  expected  on  each  Shuttle  flight.  Scale-model 
wind  tunnel  and  rocket  firing  teata,  aa  well  aa  full-aiae  rocket  engine 
teata  ware  relied  on  to  define  tha  random  forcing  function*.  The  de¬ 
termination  of  atructural  reapona*  to  thoae  environment*  ia  daacribed 
herein,  aa  wall  aa  evaluation*  of  meaaured  flight  data  and  compariaon 
with  predicted  deaign  and  teat  criteria. 


ivnoDOCTioai 

The  Space  Shuttle,  ahowa  in  Figure  1, 
preaented  new  difficultiaa  in  predicting 
eeroacouatic  environment*  and  vibration  re- 
apenaea.  Thoae  difficultiaa  becam  accen¬ 
tuated  due  to  the  aaverity  of  the  environ¬ 
ment*  whan,  at  tha  beginning  of  the  program, 
it  eaa  recogniaed  that  aevore  acouatic  level* 
would  b*  applied  to  the  Orbiter  at  lift-off, 
due  to  th*  cloae  proximity  to  rocket  engine* , 
and  that  aever*  aarodynaaic  aoiae  would  be  ap¬ 
plied  to  ceveral  Orbiter  location*  during  th* 
aacant  phaae  of  flight,  figure*  2  and  3. 

The  difficulty  in  predieting  th*  acouatic 
environment  at  lift-off  waa  due  to  th*  proxim¬ 
ity  and  aeparatioo  of  tha  rocket  engine*,  the 
complexity  of  tho  two  launch  pad*  uaod  at  tha 
HA8A  Kennedy  Space  Center  and  at  the  08AF 
Vandanbarg  API,  and  th*  change*  of  th*  rocket 
exhauat  flow*  with  vehicle  diatanc*  above  th* 
launch  pad.  Thao*  difficultiaa  were  eventu¬ 
ally  overcome  by  evaluation  of  data  from  a 
6.42  acale— model  engina/ launch  pad  toat  pro¬ 
gram  performed  et  the  KASA  Marahall  8 pace 
Flight  Center. 


Tha  difficulty  ia  predicting  the  aero¬ 
dynamic  aoiae  environment  during  aacant 
waa  due  to  tho  many  change*  in  vehicle  croaa- 
aection  aa  a  function  of  vehicle  length,  th* 


Fig.  1  -  Space  Shuttle  configuration 
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Fig.  2  -  Space  Shuttle  STS-1  liftoff 


.  3  -  Space  Shuttle  STS-1  launch 


three  dimensional  nature  of  the  many  flow 
disturbances,  the  complexity  of  the  large  flow 
interference  region  between  the  Orbiter,  Ex¬ 
ternal  Tank  (KT),  and  Solid  Rocket  Boosters 
(SRB's),  and  in  same  cases  the  dependence  on 
vehicle  attitude.  These  difficulties  were 
overcome  with  analysis  of  data  from  a  3.51 
scale-model  Shuttle  vehicle  wind  tunnel  test 
program  performed  at  the  NASA  Ames  Research 
Center.  Once  the  noise  fields  were  defined, 
then  other  procedure:  as  outlined  in  refer¬ 
ences  1,  2,  and  10  could  be  used  to  predict 
the  noise-induced  vibration  response  of  the 
structure  ana  to  develop  design  and  cast 
criteria  for  the  many  items  of  equipment. 
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Shuttle  Vehicle  and  Launch  Complex  Configure 


Three  Shuttle  orbiter  main  engines  (SSMS) 
and  two  solid  rocket  boosters  (SRB's)  fire  in 
parallel  during  lift-off,  figure  2.  The 
Orbiter' a  main  engines  produce  approximately 
1.5  million  pounds  thrust  and  the  two  SRB's  ap- 
proxiaately  5.5  million  pounds  thrust.  This 
new  thrust  configuration  required  extensive  re¬ 
design  of  previous  Saturn  and  Titan  launch  pad 
configurations. 


r 


The  Eastern  Test  Range  launch  complex, 
figure  4,  is  the  modified  launch  complex  39 
Saturn  V  facilities.  The  flame  trench  and  de¬ 
flector  have  been  modified  to  accommodate  the 


Fig.  4  -  Space  Shuttle  Eastern  Test  Range 
launch  conr'lex 
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Fig.  5  -  Shuttle  flame  trench,  deflector,  MLP 
and  engine  flame  trajectories 


Fig.  6  -  Space  Shuttle  Western  Test  Range 
launch  complex 


Shuttle  separated  rocket  exhaust  flow,  figure 
5.  Because  of  sidewise  drift  at  lift-off  due 
to  SSHB  thrust  offset  from  vertical,  the  mo¬ 
bile  launch  platform  (MLP)  SIB  exhaust  holes 
were  increesed  in  length  to  minimise  low  eleva¬ 
tion  SBB  hot  core  impingement  on  the  MLP.  The 
Western  Test  Bangs  launch  facilities  are  the 
modified  Titan  III  8LC-6  complex,  figure  (. 

Hare  the  flame  trenches  are  covered  and  sepa¬ 
rated  for  each  Shuttle  element  rocket  ex¬ 
haust. 


Shuttle  acoustic  Bnviroasents 

The  moat  prominent  sources  of  acoustic  ex¬ 
citation  occur  at  Shuttle  engines  ignition 
and  lift-off  and  during  ascent  aerodynamic 
flight.  It  is  well  documented  how  liquid 
and  solid  propelled  rocket  engine  noise  is 
produced  in  the  mixing  region  between  the 
surrounding  atmosphere  and  the  exhaust  core 
high-velocity  regions.  Deflected  or  ob¬ 
structed  rocket  exhausts  cause  higher  acous¬ 
tic  loadings  than  exhausts  that  flow  freely 
from  tae  Shuttle.  Moiae  levels  diminish  with 
elevation  above  the  ground  reflecting  plans 
and  become  insignificant  above  elevations  ap¬ 
proximately  24  SBB  nossle  diameters.  Aero¬ 
dynamic  fluctuating  pressure  levels  start  be¬ 
coming  prominent  at  hitter  altitudes  and  vehi¬ 
cle  speeds.  Fluctuating  pressures  on  vehicle 
surfaces,  due  to  boundary  layer  turbulence, 
vary  in  relation  to  free  strean  dynamic  pres¬ 
sure  q.  Various  combinations  of  Mach  number, 
vehicle  attitude,  and  the  Shuttle  configura¬ 
tion  effects  on  boundary  layer  flow  are  the 
cause  of  maxiaim  aeronoise.  The  Mach  1  and 
maximum  q  flight  regions  generally  produce  the 
most  intense  aerodynamic  fluctuating  preaaure 
levels. 


Definition  of  Acoustic  Bnvirotmants 


Lift-off 

Tha  techniques  listed  herein  for  pre¬ 
dicting  maximum  external  lift-off  noise  in¬ 
volves  extrapolations  of  noise  data  measured 
on  6.4  percent  models  of  the  Shuttle  vehicle 
and  launch  pad.  Befarence  3  states  the  ratio¬ 
nale  whereby  geometrically  similar  models  with 
rocket  engines  exhibiting  dynamically  similar 
characteristics  can  be  used  to  predict  rocket 
noise  spectra  for  larger  ayatoms.  Mo  adjust¬ 
ments  for  sound  pressure  levels  are  required, 
and  only  the  frequencies  need  be  adjusted  by 
the  non-dimensional  parameter  known  as 
Strouhal  number. 


S  *  -  “  Strouhal  number, 

V 


wheret  f  ■  frequency 

De  ■  system  effective  nossle  diameter 
V  ■  exhaust  exit  velocity 

Bafereace  4  provides  one  of  the  many  available 
references  on  Strouhal  scaling. 

Mors  than  250  tests  with  various  combina¬ 
tions  of  liquid  engines,  solid  rocket  motors, 
elevations  above  the  pad,  and  several  configu¬ 
rations  of  water  injection  were  conducted. 

Scale  model  launch  pad  configurations  for  both 
the  Eastern  and  Western  Test  Ranges  were  used. 

Early  tests  of  the  6.4X  model  with  model 
launcr  pads  produced  data  that  indicated  exces¬ 
sive  noise  levels  were  going  to  be  imposed  on 
Shuttle  structure  and  payloads.  Because  of  de¬ 
sign  cost  impacts  to  develop  the  Shuttle  to 
withstand  these  intense  environments,  it  was 
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toUd  early  It  (hi  program  to  begin  state- 
of-the-art  development  of  rocket  a oiao  a«f 
presslon  techniques.  Dm  ooot  premising  con¬ 
cept  waa  to  inject  largo  volunea  of  water  late 
the  flams  trenches ,  figoro  7,  roforoneo  5. 

The  optinua  notaa  auppraaaloo  system  waa 
selected  froa  tho  6.42  model  toot  data.  Acous- 
tie  apoetra  froa  tho  solected  auppraaaloo  lyi- 
tao  waro  caplld  and  an  envelope  dofload  to 
equal  or  oaeood  all  levels.  Tho  aeouatie  data 
accounted  for  fli^tt  elevations  froa  on  pad  to 
24  aolid  rocket  aoter  noaalo  diameters,  or  ap¬ 
proximately  220  fact  abovo  tho  pad.  External 
Orbltor  aeouatie  spectra,  measured  during 
nodal  firinga  at  nine  elevations,  waro  ad- 
juatod  bp  Strouhal  aealing  for  full-aealo 
Shuttle  frequencies  and  a  typical  coapoaitc  aa 
ahown  in  figure  S.  Zt  can  bo  aeon  that  noiac 
levels  vary  4  to  5  dl  at  low  froquoneioa  and 
aa  nuch  aa  20  dl  at  high  froquoneioa.  Bnve- 
lopea  waro  cona  true  ted  to  eonr  all  lorola  for 
all  nodal  aoaaurononta.  Therefore,  at  any  in¬ 
stant  of  tine  during  launch,  tho  envelope 
levels  will  bo  achieved  at  a  tow  froquoneioa 
only.  Tho  nodal  data  indicate  that  tho  en¬ 
velope  levels  will  never  occur  at  all  fre¬ 
quencies  simultaneously  during  launch. 

Acoustic  testa  using  tho  envelope  spectra  as 
teat  criteria  for  the  total  launch  tina  are 
conservative,  the  Mount  of  conservation 
varies  with  each  frequency. 

To  evaluate  tho  internal  payload  bay  noise 
levels,  Orbiter  101  waa  subjected  to  jot 
engine  noise  acoustic  testa  at  R48A  Dryden 
Flight  kesearch  Canter.  Aeouatie  naaaurenanta 
wore  taken  inaide  tha  payload  bay  and  on  the 
anterior  of  the  sidewalls,  bottom  and  payload 
bay  doors.  Seference  6  provides  the  detail 
discussions  cf  analyaaa  and  east  conditions. 


LIFTOFF  DISTANCE 


TIME  (SUB  NOZZLE 
(SEC)  DIAMETERS) 


Fig.  7  -  Pod  sound  supression  schane 
plot  of  flow/drift  v arc us  tine 
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Fig.  8  -  Acoustic  spectra  typical  6.42 
composite  and  envelope 


This  tost  phase  provided  the  data  to  determine 
transmission  loss  and  noise  reduction  valuaa 
for  tho  Orbiter  structure . 

The  present  estimates  of  internal  payload 
bay  aoiao  for  am  Mpty  bay  resulted  from  com¬ 
bining  tho  4.4Z  model  data  with  tho  OV-101 
tost  analysis  results.  Later  in  the  program, 
acoustic  tests  of  payload  bay  door  sections 
wore  conducted.  Theee  test  sections  provided 
Orbiter  102  payload  doer  and  radiator  noise  re¬ 
duction  values  for  use  in  further  refinement 
of  the  bay  acoustic  levels. 

A  final  check  of  tha  modeling  techniques 
used  herein  was  accomplished  whan  rocket  fir¬ 
ing  acoustic  data  were  measured  on  full  also 
SEE's,  figure  9,  and  on  tho  Main  Propulsion 
Tost  Article  SSM,  figure  10.  These  full  sise 
tests  provided  the  first  check  of  the  6.41 
model  so  a  valid  prediction  tool.  It  was  ob¬ 
served  that  the  6.41  model  was  generally  con¬ 
servative,  references  7  and  g. 


Fig.  9  -  Full  aiae  aolid  rocket  test  fir inf 
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10  -  Space  Shuttla  full  seal*  main  angina 
firing* 


Aeroooiae 

Caoaldering  tha  coaplax  shuttla  aero¬ 
dynamic  configuration,  it  la  generally  rac- 
ogniaad  that  aoalyaee  of  tha  Shuttla  fluc¬ 
tuating  pleasure  environment*  ara  difficult. 
Tha ra fora,  several  acala  nodal  wind  tun¬ 
nel  taata  war*  uaad  to  aaaiat  in  flow  fiald 
analysis  and  to  provide  Shuttla  aaroooiaa 
data.  Thaaa  taata  ara  covered  in  datail  in 
several  other  paper* ,  rafaraoca  9.  The  noat 


aigniflcant  cast  to  provide  data  tar  aaroooiaa 
prediction  waa  frao  a  detailed  3.3X  rigid 
nodal,  figure  11  *  with  23?  praaaur*  neaaure- 
neat  location*.  Thaaa  taata  ware  patterned  at 
UU-tM*  teaaarch  Canter  with  Hath  where 
ranging  fran  0.6  to  3.3  and  pitch  and  paw 
angles  throughout  the  range*  of  -5°  tc  +3°. 
Adjustments  were  and*  to  tha  Matured  data  for 
diffarencea  in  wind  tunnel  g  (paf)  and  actual 
expected  flight  g  prof ilea. 

Thaaa  taata  provided  aeveral  thouaand 
gaonatrioally  acaled  praaaura  level  apactra. 
Data  warn  eanpilad  into  aenaa  aatahliahad  aa 
arena  of  the  Shuttle  with  definable  atruetural 
bound aria*  or  by  diffaranaaa  la  localiaad 
aerodynanic  flow,  figure*  11  and  13.  for  each 
cone,  tha  apeetra  ware  aaparated  into  data  aa- 
aoclatad  with  Shuttle  aaninal  flight  trajac- 
toriea  and  data  at  all  attitude  eonbiaationa 
fran  — to  aaxinMi  pitch  and  yaw.  Spec¬ 
tra  fran  all  naaaurananta  in  a  particular 
aoaa  war*  grouped  in  a  canpoait*  and  an  enve¬ 
lope  waa  eanatructed  to  obtain  the  final  non* 
neniaal  and  diaper* ad  eatlain  aaviroonenta. 
Typical  overall  tioa  hiatory  level*  and  cor- 
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Fig.  12  -  Aeroacouatlc  noiae  xonea  of  the 
Shuttle  Orbiter  -  bottom 
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rig.  11  -  Space  Shuttle  3.5X  wind  tunnel  aodel 


Fig.  13  -  Aeroacouatlc  noise  aonea  of  the 
Shuttle  Orbiter  -  top  and  aide 
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Fig.  14  -  Acoustic  levels.  Typical  overall 
time  history 


Fig.  15  -  Acoustic  spectra 


responding  maximis"  aeronoise  spectra  are 
shown  ia  figures  14  and  15.  As  was  the  situa¬ 
tion  for  the  lift-off  nodal  data,  these  enve¬ 
lope  techniques  provide  conservatism  in  design 
and  test  criteria  development.  The  maximum 
levels  on  various  measurements  in  a  acne  do 
not  o'.cor  at  the  sane  Mach  nuebers  and  vehicle 
attitude.  Nonetheless,  the  maxiauaa  levels  of 
all  naasorassents  In  a  sons  were  combined  re¬ 
gardless  of  the  naturally  excludable  ascent 
flight  events. 


Orbiter  Vibration  Knvironnewts 

Development  of  vibration  design  and  test 
criteria  was  of  prime  importance  to  a  success¬ 
ful  progr  ^'  The  objective  in  developing  the 
vibretion  c,  :eria  wet  to  provide  environment  a 
which  ensure  performance  over  the  intended 
equipment  life,  but  irtiich  will  not  be  exces¬ 
sive  nod  unnecessarily  affect  equipment  cost, 
weight,  or  delivery  sc)  ule. 

in  order  to  maintain  consistency  in  de¬ 
veloping  the  Orbl.er  vibretion  environments , 
the  following  basic  assumptions  Je re  es¬ 
tablished:  (1)  Orbitar  vibration  (except 
8SMJ5  engines  and  ttaruat  structure)  results 
from  direct  impingement  of  engine  noise  end 
aerodynamic  noise  during  boost)  (2)  Orbiter 
structure  response  to  <-oiae  will  be  similar  to 
previous  spacecraft  structures)  (3)  Factors 
affecting  vibretion  response  wi.l  be  noise 
spectra,  vehicle  surfece  density,  curvature  of 
surfaces,  and  type  of  structure)  (4)  Similar 
structures  poassss  similar  modal  densities) 

(5)  All  types  of  noist  sources  are  equally 
efficient  in  coupling  with  spececreft  struc¬ 
ture)  and  (6)  thsnsal  irotsctlun  system  tiles 
provide  only  mass  pan  cipation  on  the  Orbit¬ 
ar  -  atarior  structur'  . 


Various  methods  are  avail  able  for  develop¬ 
ing  vibration  criteria:  (a)  classical  random 
response  analysis,  (b)  statistical  energy  anal¬ 
ysis  and  (c)  extrapolation  techniques.  The 
advantages  and  limitations  of  thtse  methods 
are  discussed  in  reference  10.  It  is  recog¬ 
nised  that  other  aerospace  programs  have  used 
atatistical  analysis  methods  successfully  for 
evaluation  of  reference  vibration  data.  How¬ 
ever,  the  extrapolation  method,  also,  has 
been  used  on  other  programs  and  was  selected 
for  developing  most  of  the  Shuttle  Orbiter 
vibration  criteria  primarily  because  it  was 
quick  to  implement  and  because  a  large  refer¬ 
ence  data  base  was  available  for  extrapola¬ 
tion.  Scaling  methods  were  selected  utilising 
the  Condos-Butler  equation,  which  scales  the 
random  vibration  spectra  from  a  reference  vehi¬ 
cle  to  a  new  vehicle  with  respect  to  the  dif¬ 
ferences  between  the  external  acoustic  spectra 
and  the  surface  mass  densities  of  the  two  ve¬ 
hicles.  Hare  the  external  acoustic  spectrum 
for  the  Orbiter  was  selected  from  the  applica¬ 
ble  aeroeeoustic  noise  sons  described  pre¬ 
viously  and  the  surface  mass  density  was  cal¬ 
culated  to  apply  to  the  structural  area  under 
consideration.  The  reference  vehicle  and  its 
applicable  region  waa  selected  on  the  basis 
of  atructural  similarity  between  the  new  and 
reference  vehicle  installations.  Because  of 
the  structural  diversity  of  the  Orbiter,  five 
reference  vehicles  were  chosen,  Apollo  Com¬ 
mand  Module,  Apollo  Service  Module,  Saturn 
S-IC  Stage,  Saturn  S-II  Stage,  and  the  Titan 
III-C.  These  vehicles  provided  vibration 
response  data  measured  during  teet  that  were 
ground  acoustic  (reverberant,  progressive 
wave,  and  uncorrelsted  multiple  duct  progres¬ 
sive  wave)  stat'  -  rocket  firing  Israeli  engine 
noise  and  boost  aerodynamic  turbulence.  Since 
basic  assumption  (5)  indicates  all  acoustic 
sources  are  equally  efficient,  all  reference 
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Fig.  16  -  Random  vibration  criteria  development 


I  vehicle  vibration  reaponae  data  were  lumped 

together. 

I 

The  procedure  involved  in  vibration  cri¬ 
teria  development  ia  simplistically  illuetra- 
ted  in  figure  16.  Basically,  the  amplitude 
of  vibration  environment  enveloped  from  the 
reference  vehicle  ia  adjuated  baaed  on  the 
differencea  between  the  reference  vehicle 
acoustic  forcing  function  and  thoae  of  the 
new  vehicle  and  by  the  square  of  the  ratio 
of  the  avrrf ace  maaa  denaitiea.  In  addition, 
the  frequency  of  the  reaulting  a  pact run  ia 
adjuated  by  the  ratio  of  the  aquare  root  of 
the  diaaetera  of  the  reference  vehicle  and  the 
new  vehicle,  where  applicable.  The  firat  re¬ 
quirement  in  developing  vibration  criteria  was 
to  identify  a  reference  configuration  suffi¬ 
ciently  similar  to  the  new  configuration  mud 
in  some  areas,  saultiple  reference  structurea 
were  used. 

The  two  most  complex  arena  to  develop  vi¬ 
bration  environments  were  the  Orbiter  Crew  Com¬ 
partment  and  the  bulkhead  which  separates  the 
payload  bay  from  aft  fuselage,  1307  bulkhead. 
The  Orbiter  crew  modulw  vibration  criteria 
development  will  be  diacuaaed  aa  an  example 
of  the  method  employed  for  all  extrapolation 
procedures.  Since  the  orbiter  craw  compart¬ 
ment  ia  a  aaparate  preaauriaed  compartment 
auapanded  from  the  orbiter  outer  shall,  the 
Apollo  Command  Module  was  selected  a a  the  ref¬ 
erence  structure.  It  was  felt  that  the  pri¬ 
mary  basis  for  similarity  should  be  the 
loosely-coupled,  double-hull  construction  with 
a  high  equipment  density  inner  compartment  and 
that  the  differences  in  shell  materials  were 
secondary.  Due  to  vehicle  symmetry,  the 
Apollo  Command  Module  was  exposed  to  a  rela- 
r.ively  uniform  eeroacouatic  environment  which 
had  bean  duplicated  in  ground  testing.  How¬ 
ever,  the  Orbiter  external  acoustic  environ¬ 
ments  vary  significantly  over  the  outer  sur¬ 
face,  therefore,  spatially  averaged  spectra 
were  developed  for  tha  various  lift-off  and 
boost  conditions,  Definitior  of  crew  module 


shell  vibration  consisted  of  calculating  a 
aurface  density  scaling  factor  for  the  outer 
shells  of  the  Apollo  Command  Module  and  tha 
Orbiter  outer  shell  (+5dB),  and  then  calculat¬ 
ing  a  surface  density  scaling  factor  for  the 
pressure  hulls  of  the  Apollo  Command  Module 
and  the  Orl  iter  Crew  Module  (~7dB).  These  two 
factors  establish  a  net  aurface  density  scal¬ 
ing  factor  (-2dB)  to  be  combined  with  acoustic 
scaling  factors  for  Shuttle  lift-off,  nominal 
boost  trajectory  and  dispersed  boost  trajec¬ 
tory.  A  similar  procedure  was  followed  in 
developing  the  crew  module  equipment  vibra¬ 
tion  criteria  except  the  envelope  of  Apollo 
C asm  and  Module  was  used  to  obtain  the  differ¬ 
encea  in  equipment  installation  density 
(+3dB).  The  equipment  vibration  critaria 
were  sufficiently  similar  to  tha  pressure 
hull  criteria  that  a  composite,  figure  17, 
was  adopted  for  the  whole  craw  compartment. 
Although  figure  17  shows  separate  vibration 
spectra  for  the  lift-off,  nominal  boost  and 
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Fig.  17  -  Orbiter  crew  module  pressure  hull 
vibration  envelopes  of  scaled  responses 
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dispersed  trejectory  boost  conditions)  only 
thst  spectrum  identified  as  dispersed  trajec¬ 
tory  boost  was  specified  for  qualification 
testing.  As  a  general  rule(  Whenever  the 
developed  spectra  vera  within  3dB,  the  higher 
was  specified  for  all  mission  conditions. 

A  specific  conservatism  factor  was  not 
added  to  the  vibration  criteria  for  qualifica¬ 
tion  testing  because  sufficient  conservatism 
was  built  into  the  environment  development  and 
qualification  test  procedures  byt  (1)  vibra¬ 
tion  environments  from  reference  vehicles  were 
developed  by  enveloping  all  applicable  ground 
and  flight  test  datat  (2)  enveloping  Orbiter 
liftoff  noise  environments  which  occur  at  dif¬ 
ferent  elevations,  (3)  enveloping  aeroacoustic 
environments  resulting  from  mutually  exclusive 
flight  conditions,  (4)  assuming  that  ground 
reverberance  or  progressive  wave  acoustic 
testing  was  representative  of  service  condi¬ 
tions,  (5)  using  composite  test  spectra  for 
full-duration  testing,  (6)  performing  shaker 
tests  sequentially  in  three  mutually  perpendic¬ 
ular  axes,  and  (7)  defining  test  criteria  as 
motion  input  spectra  rather  than  force  inputs. 


Vibration  Test  Durations 

A  typical  time  history  of  overall  fluc¬ 
tuating  pressure  levels  during  lift-off  and 
ascent  is  shown  in  figure  18.  During  the  as¬ 
cent  period,  the  nominal  and  dispersed  trajec¬ 
tory  curves  shown  represent  those  external 
noise  conditions  which  will  occur  on  SOX  and 
IX  of  the  missions  respectively.  During  the 
remaining  49X  of  the  missions,  the  acoustic 
levels  will  be  between  those  shown.  Similar 
time  histories  were  developed  for  all  Space 
Shuttle  Vehicle  noise  sones. 

Since  it  is  not  practical  to  perform 
ground  vibration  tests  using  continuously 
varying  environments,  equivalent  fixed  am- 
plitide  teats  durations  were  established. 

The  equivalent  fixed  amplitude  duration  was 
calculated  for  each  cone  such  that  the  test 
environment  would  exceed  or  produce  the  same 
fatigue  damage  as  the  non-statiouary  vibration 
amplitude  time  history.  A  fatigue  model  was 
used  that  assures  that  (a)  both  stationary  and 


Fig,  18  -  Orbiter  forward  fuselage  -  aide 


non-statioaary  loadings  causa  randan  stresees 
between  tha  endurance  limit  and  the  ultimate 
strength,  (b)  the  damage  contribution  is  in  ac¬ 
cordance  with  the  Falmgren-Langer-Minor  hypoth¬ 
esis,  (e)  the  maxlmua  of  tha  random  fatigue 
curve  can  be  used  for  scaling  tha  relative 
damage  contribution  between  the  highest  and 
lowest  non-atetionary  atressea.  Since  most  of 
the  structure  of  interest  is  of  2024  aluminum 
with  a  notch  concentration  of  *  4,  a  maxi¬ 
mum  fatigue  curve  alope  of  4  was  selected.  In 
addition,  to  account  for  the  statistical  scat¬ 
ter  of  the  random  fatigue  curve,  a  scatter  fac¬ 
tor  of  4  was  used  to  increase  calculated  fixed 
amplitude  durations  for  all  testing  and  anal¬ 
yses. 


Flight  Data  Comparison 

Approximately  200  acoustic,  vibration  and 
strain  measurements  applicable  to  the  subject 
environmental  criteria  were  recorded  on  the 
first  Space  Shuttle  flight  test.  A  comprehen¬ 
sive  review  of  these  data  indicates  that  near¬ 
ly  all  qualification  vibration  testing  has  been 
performed  at  satisfactory  amplitudes  and  dura¬ 
tions.  Figures  19,  20,  and  21  present  typical 
comparisons  of  flight  test  data  and  component 
qualification  test  criteria.  Figure  19  is  a 
composite  envelope  of  approximately  40  accel¬ 
erometers  located  throughout  the  crew  compart¬ 
ment.  The  low  frequency  criteria  exceedance 
illustrated  waa  observed  on  one  accelerometer 
for  leas  than  one  second.  That  particular 
accelerometer  was  located  at  the  center  of  a 
large  shelf  and  other  accelerometers  at  simi¬ 
lar  locations  on  other  shelves  were  "ithin  the 
criteria  envelope.  In  addition,  the  Avionics 
components  at  the  location  in  question  had 
been  tested  to  higher  levels  than  tha  criteria 
envelope,  so  no  equipment  qualification  prob¬ 
lems  were  encountered. 
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Fig.  19  -  STS-1  crew  compartment  -  composite 
envelope  and  corresponding  test  requirement 
envelope 


Figure  20  indicates  favorabla  comparison 
of  the  predicted  mid-fuselage  sidewall  vibra¬ 
tion  environment  with  that  measured  during 
STS-1.  Figure  21  indicates  that,  although 
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lower  frequency  region* .  As  m  result  of 
analyses  of  ground  acoustic  teat  data  froe 
lares  test  articles,  there  were  indications 
that  acme  structural  areas  could  not  survive 
100  missions  due  to  high  amplitude,  low  fre¬ 
quency  responses  resulting  from  simulated 
aeroacoustic  loading.  Portunately,  the  high 
amplitude  low  frequency  responses  did  not  mate¬ 
rialise  during  the  STS-1  transonic  flight  pe¬ 
riod.  It  is  presently  assumed  that  this  lack 
of  flight  response  to  aeroacoustic  noise  can 
be  attributed  to  poor  coupling  efficiently  of 
the  Orbiter  low  frequency  modes  with  aero- 
acoustics. 


Fig.  20  -  STS-1  midfunelage  sidewall  -  composite 
envelope  and  corresponding  test  requirement 
envelopes 


10  100  1000 
FREQUENCY.  HERTZ 

Fig.  21  -  STS-1  vertical  stabilizer  -  composite 
envelope  and  corresponding  test  requirement 
envelope 

ground  acoustic  testing  indicated  vibration  re¬ 
sponse  may  ascend  predicted  values,  comparison 
with  the  flight  data  showed  no  exceedsuce  in 
flight. 

Two  significant  phenomenon  were  observed 
during  STS-1  that  require  further  discussion. 
During  the  orbiter  main  engine  ignition  se¬ 
quence  the  engines  are  momentarily  stabilised 
at  20X  thrust  prior  to  proceeding  to  full- 
thrust  output.  During  this  stabilisation  pe¬ 
riod,  unburned  hydrogen  from  the  fuel-rich 
startup  ignites  when  it  mines  with  the  atmo¬ 
sphere  causing  increased  transient  noise. 

This  condition  lasts  less  than  one  half  sec¬ 
ond,  but  produces  acoustic  levels  that  exceed 
all  other  mission  events  for  some  parts  of  the 
Orbiter.  Even  though  the  ignition  transient 
acoustic  environment  exceeded  that  previously 
predicted  for  many  aft  areas,  corresponding 
vibration  responses  did  not  exceed  those 
predicted  for  lower  acoustic  environments. 
Nevertheless,  the  Orbiter  vibration  responses 
observed  during  this  main  engine  ignition  ' 
transient  period  were  enveloped  along  with 
the  resMinder  of  the  lift-off  sequence. 

The  other  significant  observation  was  the 
pronounced  lack  of  atructural  response  to 
aeroacoustic  excitation,  especially  in  the 


Conclusion 

The  techniques  used  to  develop  Orbiter 
random  vibration  dealgn  and  test  requirements 
proved  to  be  acceptable  for  the  8huttle  mis¬ 
sion  schedule  and  objectivea.  The  reference 
data  base  was  sufficient  to  allow  use  of  ex¬ 
trapolation  methods.  The  zonal  grouping  and 
scale  data  envelopes  allow  reasonable  con¬ 
servatism  and  timely  criteria  develo parent , 

The  predicted  vibration  requirements  were 
validated  by  flight  data. 
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DISCUSSION 

Mr.  Mitchell  (Naval  Air  Systems  Command)!  Did 
you  have  any  requirements  for  low  frequency 
sinusoidal  vlbratl.^u  tests  to  simulate  struc¬ 
ture-borne  vibration? 

Mr.  Newbrough :  From  the  beginning  we  did.  We 
did  put  in  a  requirement  early  in  the  program 
for  some  of  the  black  box  developments,  but 
that  went  away  eventually  during  the  program. 

We  decided  to  divert  that  over  to  the  loads 
analysis  world  and  have  the  low  frequency  dy¬ 
namics  factored  Into  the  steady  state  loads. 
Since  the  subject  of  this  paper  was  the  high 
frequency  random  vibration  environments,  we 
didn't  touch  on  anything  essentially  below 
20  Hz. 

Mr.  Mitchell:  I  think  you  mentioned  you  had 
200  transducers  on  this  last  flight.  What  was 
the  actual  quantity?  200? 

Mr.  Newbrough i  We  had  approximately  200  vibra¬ 
tion,  acoustic  and  strain  transducers. 

Mr.  Mitchell;  Will  you  have  similar  quantity 
on  future  flights?  Do  you  anticipate  that  the 
next  flight  will  have  a  different  trajectory 
and  a  different  environment  when  you  reach  max 
Q?  I  assume  liftoff  will  probably  be  the  same. 

Mr.  Newbrough;  We  have  a  full  complement  of 
measurements  on  the  next  three  flights.  Some 
are  the  same  as  we  had  before,  for  repeatabil¬ 
ity,  and  we  have  new  locations  as  well.  We 
also  have  a  new  data  package  that  is  being  put 
on  board  to  expand  our  capability  in  the  pay- 
load  bay.  We  had  only  four  microphones  in  the 
payload  bay  to  define  the  payload  bay  environ¬ 
ment.  We  will  have  14  more  microphones  from 
the  Goddard  Space  Flight  Center.  They  nut  on 
the  DATE  system,  which  you  may  have  he*.:.  1  a- 
bout,  for  those  measurements.  Yes,  there  will 
be  slightly  different  trajectories  Involved, 
and  we  have  taken  that  into  account  in  our 
data.  Our  trajectories  were  scaled  to  our  max 
Q  environment  in  every  case,  and  we  did  not  a- 
chieve  the  maximum  Q  environments  on  this  last 
flight.  That  is  a  good  point;  we  adjusted  our 
data  to  take  care  of  that  when  you  saw  the  com¬ 
parisons  of  the  flight  data  with  our  test  en¬ 
vironments. 


Mr.  Beck  (Boeing  Company) i  Would  you  comment 
on  the  effect  of  the  tiles  on  the  response  of 
the  structure  to  acoustic  noise  or  in-flight 
noise? 

Mr.  Newbrough;  It  is  in  the  paper,  but  It  was 
one  of  those  things  I  left  out  of  this  presen¬ 
tation.  We  assumed  we  would  not  take  any  kind 
of  a  mass  effect  into  account  for  those  tiles. 
It  was  another  conservatism  factor  that  might 
be  built  into  the  criteria.  We  basics'  y  did 
not  put  much  in  there  at  all,  but  we  said  that 
the  effect  is  there.  The  fact  that  the  tiles 
are  there  would  have  to  be  accounted  for,  and 
I  guess  we  had  to  account  for  that  on  some  of 
our  acoustic  fatigue  program  panels.  I  be¬ 
lieve  we  had  to  account  for  that  on  the  pay- 
load  bay  doors.  We  made  some  corrections  to 
our  test  environments  based  on  that.  So  we 
thought  about  it,  and  it  was  considered.  We 
didn't  reduce  any  of  our  predicted  environ¬ 
ments  based  on  that,  but  we  took  care  of  it 
when  we  did  ground  simulation  tests. 

Mr.  Sutherland  (Wvle  Labs);  Did  you  state  the 
relative  amount  of  water  flow  relative  t<>  the 
exhaust  flow  rate  in  the  water  cooling  sup¬ 
pressor? 

Mr.  Newbrough:  It  varies.  I  don't  know  the 
exact  breakdown.  The  total  flow  rate  is  in 
excess  of  700,000  gallons  per  minute. 

Mr.  Sutherland:  What  is  the  mass  flow  rate 
ratio? 

Mr.  Newbrough;  It  was  3%  to.  1  on  the  main  en¬ 
gine  side,  but  I  don't  believe  it  was  that 
high  on  the  SRB  side. 

Mr.  Sutherland:  Did  you  say  that  you  didn't 
feel  that  the  water  cooling  had  any  particular 
benefit? 

Mr.  Newbrough;  Oh,  not  It  did  have  signifi¬ 
cant  benefit.  Without  it  we  could  not  have 
flown  the  present  vehicle.  When  I  said  that, 

I  meant  that  it  was  for  the  ignition  transient 
situation  only  where  the  SSME  starts  up;  the 
SSME  starts  roughly  thr^e  seconds  before  the 
SRB  fires.  It  is  during  that  short  time  peri¬ 
od,  half  a  second  to  a  second  before  we  come 
to  full  thrust,  that  we  got  this  high  level, 
and  we  felt  that  perhaps  the  water  did  not 
have  too  much  benefit.  That  was  a  postulate; 
that  was  a  theory  on  our  part.  But  we  know  if 
it  was  a  rough  burning  condition  with  the 
shocks  bouncing  around  inside  the  nozzles, 
that  the  suppression  water  is  down  in  the 
flame  trench.  We  had  no  thrust  down  in  that 
area  at  all.  So  we  really  believe  we  could 
not  have  launched.  In  fact  we  had  a  launch 
constraint.  If  yiu  lose  the  noise  suppression 
water,  do  not  launch!  Hold  the  flight! 
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SPACE  SHUTTLE  ORB1TER 
ACOUSTIC  FATIGUE  CERTIFICATION  TESTING 


R.  A.  Stevens 
Rockwell  International 
Downey,  California 


The  Space 'Shuttle  orbiter  is  designed  to  accommodate  a  unique  combination  of  loads 
and  environments  not  previously  encountered  inasmuch  os  the  reusable  vehicle  h  launched 
vertically  and  lands  horizontally.  The  orbiter  is  subjected  to  structural  vibration  caused  by 
engine  exhaust-generated  acoustic  noise  during  liftoff  and  aerodynamic  noise  during 
atmospheric  flight.  It  was  necessary  to  certify  the  orbiter  structure,  thermal  protection 
system  (TPS),  mechanisms,  and  equipment,  and  to  gather  empirical  data  to  support  fatigue 
analyses  and  to  update  vibration  and  internal  noise  criteria  before  the  completion  of  the 
orbiter  flight  test  (OFT)  program. 

The  requirement  has  largely  been  satisfied  by  the  partial  completion  of  a 
comprehensive  acoustic  fatigue  development  and  certification  test  program.  This  paper 
addresses  the  certification  portion  of  the  program  supporting  OFT,  including  test  article 
selection,  objectives,  environments,  results,  and  conclusions.  Also  included  are  comparisons 
of  ground  and  flight  test  data. 


INTRODUCTION 

The  Space  Shuttle  was  developed  to  satisfy  the 
requirements  of  NASA  and  DoD  to  economically  put  a 
variety  of  payloads  (PL’s)  into  low  earth  orbit,  and  to  serve 
as  a  reusable  first  stage  in  putting  other  payloads  into  higher 
orbits,  geosynchronous  orbits,  or  planetary  trajectories  at  low 
cost.  Orbital  servicing  and  retrieving  of  payloads  are  also 
planned  under  certain  conditions.  Payloads  are  carried  in  the 
orbiter  cargo  bay,  which  is  60  feet  long  and  IS  feet  in 
diameter.  Ref.  [  1  through  4]  provide  an  overview  of  the 
Shuttle  configuration  and  mission  and  discussions  of  various 
technical  issues  (Figs.  1  and  2). 

The  fluctuating  pressure  loads  are  the  principal  sources 
of  structural  vibration.  Structural  vibration  could  cause 
malfunction  and/or  fatigue  of  vehicle  components,  primary 
and  secondary  structure,  and/or  TPS. 

Because  of  the  vibratory  loads,  requirements  were 
defined  to  demonstrate  the  integrity  of  structure,  TPS, 
mechanisms,  and  components,  and  to  obtain  data  to  update 
vibration  criteria,  noise  transmission  predictions,  and  support 
fatigue  analyses  prior  to  flight.  The  requirements  have  been 
satisfied  by  partially  completing  a  comprehensive  acoustic 
fatigue  development  and  certification  test  program.  The 
development  program  was  described  in  Ref.  (S  and  6];  this 
paper  addresses  the  orbiter  acoustic  fatigue  certification  test 


program  completed  to  support  the  orbiter  flight  test 
program.  Additional  acoustic  fatigue  testing  is  planned  to 
support  orbiter  certification  for  operational  flight;  the  result 
of  this  testing  will  be  reported  later. 

TEST  ARTICLE  SELECTION 


Test  articles  for  the  program  were  selected  based  on  the 
diversity  of  parameters  affecting  the  fatigue  life— principally 


Fig,  1  -  Space  Shuttle  configuration 
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Fig.  2  -  Space  Slmttle  mission  profile 

the  variation  in  structural  and  TPS  configurations  and  in 
aeroacoustic  environments.  Results  of  the  acoustic  fatigue 
development  test  program  also  influenced  the  selection 
process. 

In  most  conventional  aircraft  and  spacecraft  programs, 
the  contractor  performs  the  design  and  analysis  while  the 
subcontractor  does  the  fabrication.  In  the  Shuttle  program, 
the  subcontractor  performed  all  three  functions  using  vehicle 
loads  specified  by  the  contractor.  The  subcontractor  was  free 
to  select  his  preferred  structural  configuration,  so  long  as 
certain  weight  goals  were  achieved.  As  a  result,  the  arbiter 
structure  is  highly  varied:  the  forward  fuselage  has  mainly 
hat-stiffeners;  the  payload  bay  doors  and  the  skin  of  the 


orbital  maneuvering  subsystem  (OMS)  are  graphite-epoxy 
honeycomb;  the  aft  fuselage  and  vertical  stabilizer  are 
primarily  of  integrally  machined  waffle  construction;  the  mid 
fuselage  is  primarily  integrally  machined  I-stiffeners;  and  the 
wings  have  unique  hat  stiffeners.  In  addition,  most  metallic 
skin-stringer  configurations  are  machined  and/or  chem- 
milled.  With  the  exception  of  the  graphite-epoxy  sections  and 
the  windows,  the  external  structure  is  made  mainly  of  2024 
aluminum  alloy.  The  orbiter  subcontractors  are  shown  in 
Fig.  3. 

The  TPS  for  the  orbiter  structure  generally  consists  of 
more  than  30,000  coated  silica  tiles  called  reusable  surface 
insulation  (RSI),  each  ranging  up  to  8  by  8  in.  in  area  and 
from  0.2  in.  to  4.75  in.  in  thickness.  The  area  and  thickness 
of  the  tiles  are  determined  by  local  entry  heating 
environments.  The  lower  surface  is  covered  with 
high-temperature  RSI  (HRSI);  the  sides  and  upper  surface  are 
generally  covered  with  low-temperature  RSI  (LRSI)  and  felt 
RSI  (FRSI). 

The  heating  on  the  nose  and  leading  edges  of  the  wings 
exceeds  the  capability  of  the  RSI.  A  graphite  composite 
called  reinforced  carbon-carbon  (RCC'i  is  used  for  these 
sections.  Thermal  and  aerodynamic  seals  are  prominently 
used  on  many  doors  and  control  surfaces  of  the  orbiter. 
Fig.  .4  shows  the  general  layout.  Ref.  [7  and  8j  present  a 
material  and  mechanical  overviev/  of  the  TPS. 

There  is  a  large  spatial  variation  of  the  aeroacoustic 
environments,  especially  during  ascent  transonic/qm4X  period 
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GENERAL  TEST  REQUIREMENTS  AND  RESULTS 
Test  Objective* 


The  objectives  of  each  test  varied  slightly.  The  general 
objectives  were  to  demonstrate  and/or  evaluate  the  integrity 
of  the  structure,  TPS,  seals,  thermal  barriers,  gap  fillers, 
mechanisms,  and  components,  and  to  obtain  data  to 
(1)  support  fatigue  analysis  of  structure,  (2)  expand  the 
vibroacoustic  data  base,  (3)  support  TPS  analysis, 
(4)  correlate  with  development  flight  instrumentation  (DPI), 
and  (5)  compare  internal  and  external  noise  to  determine 
noise  transmission  (NT). 


Fig.  4  -  Material  elements  used  for  the  orbiter  thermal 
protection  subsystem 

of  flight,  hereafter  called  aerodynamic  noise.  For  this  reason, 
and  the  structural  variations  listed  above,  the  orbiter  was 
divided  into  manv  exterior  vibroacoustic  zones.  Figs.  S  and  6 
show  these  zones  plus  the  predicted  maximum  overall  sound 
pressure  level  for  liftoff  (XXX)  and  the  maximum  overall 
fluctuating  pressure  level  for  ascent  transonic/q,.^  XXX. 


Fig.  5  -  Orbiter  aeroacoustic  zones:  top  and  side  with 
maximum  overall  sound  pressure  level  for  liftoff 
and  transonic 


Test  Article  Description 

The  test  articles  selected  are  shown  in  Fig.  7.  The 
structural  configuration  of  all  test  articles  was  according  to 
the  production  drawings.  Because  of  the  availability  and  cost 
of  production  RSI,  most  of  the  test  articles  had  some 
simulated  RSI  (SRSI).  The  exceptions  were  the  payload  bay 
doors,  which  had  no  acreage  RSI;  the  environment  based  on 
the  results  of  development  testing  was  adjusted  accordingly. 
The  dynamic  characteristics  of  the  SRSI  were  proven 
adequate  for  use  in  the  certification  program  during  the 
development  program.  Most  of  the  acoustic  fatigue 
certification  test  articles  had  at  least  25  percent  production 
RSI. 

Test  Environment 

Prior  to  acoustic  testing,  the  dynamics  of  each  test 
article  with  its  test  fixture  were  characterized  in  a  modal 
survey  and  analysis.  The  results  of  the  modal  survey  and 
analysis  were  used  to  locate  critical  strain  gauges  and 
accelerometers  for  acoustic  testing,  to  evaluate  the  test 
fixture,  to  ensure  that  all  dynamic  inputs  to  the  test  article 
were  realistic,  and  to  develop  a  model  to  support  fatigue  life 
analysis  of  the  primary  structure.  Because  some  of  the  test 
articles  were  completely  covered  with  RSI  and/or  SRSI, 
visual  inspection  of  the  structure  was  virtually  impossible.  In 
these  cases,  modal  testing  was  used  as  a  supplementary 


Fig.  6  -  Orbiter  aeroacoustic  zones:  bottom  with  maximum 

overall  sound  pressure  levels  for  liftoff  and  transonic  Fig.  7  -  General  locations  of  the  test  articles 
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inspection  tool.  Comparisons  of  mode  shapes,  frequencies, 
and  damping  were  conducted  periodically  between  exposures 
during  the  acoustic  testing.  If  changes  were  detected,  it  was 
concluded  that  load  path  changes  had  occurred  that  implied 
potential  structural  failure. 

Table  1  shows  the  acoustic  environments  used  for  each 
test  article.  The  environments  and  durations  were  developed 
using  the  methods  described  in  Ref.  [6  and  9] .  For  some  test 
articles,  the  acoustic  environments  (aerodynamic  and  liftoff) 
were  combined  to  form  a  composite.  The  cumulative  damage 
theory  was  used  to  develop  the  composite  environments 
Ref.  [9  and  10],  The  primary  reason  for  using  composites 
was  to  simplify  testing.  Enveloping  of  zonal  environments 
(ie.,  upper  and  lower  wing,  elevon)  was  also  used  to  develop 
acoustic  test  environments.  If  enveloping  procedures  were 
not  used,  special  fixtures  would  have  had  to  be  designed  and 
fabricated;  the  cost  and  schedules  involved  were  prohibitive, 

Because  of  the  extreme  difference  in  spectrum  shape 
between  the  aerodynamic  shock  (hereafter  called  aeroshock) 
and  aerodynamic  environments,  composite  techniques  were 
not  used  for  these  cases.  In  most  cases,  the  entire  test  article 
was  exposed  to  the  aeroshock  test  condition,  even  though  the 
aeroshock  environment  (usually  caused  by  a  large  pressure 
gradient)  was  predicted  and  subsequently  found  relatively 
local  in  flight.  The  reasons  for  not  confining  the  aeroshock  to 
a  local  region  during  the  applicable  tests  were  the  cost  and 
schedule  needed  to  fabricate  special  test  fixtures.  Aeroshock 
testing  of  entire  test  articles  proved  to  be  conservative, 
of  course.  On  some  test  articles,  however,  the  aeroshock 
environment  was  applied  locally.  This  was  called  hot 
spotting.  Hot  spotting  was  usually  done  by  positioning 
low-frequency  horns  adjacent  to  the  local  area  of  interest.  An 
important  observation  was  made  from  the  hot  spot  tests: 
when  the  aeroshock  environment  was  applied  locally  and 
simultaneously  with  the  aerodynamic  environment,  no 
significant  increase  in  vibration  response  was  observed  over 
the  presence  of  aerodynamic  excitation  alone. 

If  no  structural  failures  were  detected  after 
100  equivalent  missions,  further  acoustic  testing  was 
conducted  on  most  test  articles  listed  in  Table  1  until  failure 
occured  or  until  a  very  large  number  of  equivalent  missions 
were  applied  to  preclude  the  possibility  of  failure.  The  most 
common  method  of  intentionally  inducing  fatigue  failure  is 
called  accelerated  testing,  which  is  accomplished  by 
increasing  the  acoustic  levels.  The  determination  of  the 
time-to-failure  and  location  of  the  failure  is  desirable  to 
support  acoustic  fatigue  analysis.  It  was  determined  that  500 
equivalent  missions  was  an  adequate  duration  to  achieve 
failure,  if  failure  was  possible.  When  the  levels  were  increased, 
the  durations  were  reduced  using  linear  fatigue  damage 
hypotheses  as  described  in  Ref.  (9  and  10 j. 

Test  Results 

A  general  overview  of  the  test  results  is  presented  in 
Table  1.  Each  test  article  was  the  subject  of  a  separate  report, 
Ref.  (11  through  24 j.  A  thorough  description  of  test  results 


for  all  of  the  orbiter  test  articles  is  considered  beyond  the 
scope  of  this  paper.  However,  two  test  articles  have  been 
addressed  in  more  detail:  the  AFA-15  body  flap  (Fig.  8),  and 
the  WA-19  wing  (with  leading  edge)  (Fig.  9).  These  articles 
were  tested  at  the  NASA  Johnson  Space  Center  (JSC)  Sonic 
Fatigue  Laboratory  (SFL).  Other  facilities  are  referred  to  in 
Table  1. 


Fig.  8  -  Body  flap  test  article  AFA-15 


Fig.  9  -  Wing  ( with  leading  edge)  test  article  WA-19 
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TABLE  1 

Acoustic  Fatigue  Certification  Test  Summary 
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nism*.  graphic- epoxy 
honeycomb  skin 
with  frwnw  and 
intorcartih 

expansion  Joint; 
environment  reduced 
by  3  dB  due  to  lack 
of  acreage  TPS 

axe  11?  dl;  ah  IS  H 
lift  sect  composite 
liftoff  and  vra 

1*1  di;  aero  hot 
wet  ISM  dl  an  aft 

m  predicted;  low  strain  levels; 
twt  conducted  in  SAL  (Ael.  IS 
and  16) 

UFA-00: 

MU  tunin' 
bdewell 

Aluminum 
int^rady  machined, 
T-stiffened  akin  with 
frame*  access.  door, 
and  rapmsntativt 
plumbing 

Acreage  TP$ 

including  FASI, 

LASI.  and  diced 

LASI 

LiftoH  1*4  d|. 
awo  111  dl. 
ittdnpd  teat 

IMdl 

4*0 

Vibration  rawonsos  end  NT 
comparod  favorably  with  pre¬ 
dicted;  strain  leveix  low;  tew 
wtkie  faded  at  1  dl  lifter  than 
Ai#it  condition;  test  conducted 
biNNT  (Aef.  17) 

MFA-09 
and -10: 
Internal 
panaii  in 
anno  r-.  .y- 
thuugh  arn 

Aluminum, 
inwprady  machined, 
T-itifftnad  panel* 

No  TPS  required 

14*  dl 

*00 

Low  strain  levels,  panels  exposed 
at  higher  tmais  than  flight  for 
longer  duration  with  no 
enomalia*  test  conducted  at 

Genera!  Dynamics  revarbwang 
chamber  lAef.  It) 

AFA-lfc 
dody  (lap 

Aluminum  honey¬ 
comb  ikin  with  riba, 
front  war,  and  aft 
fuaetage  portion 

Acreage,  trailing 
edge,  end  cove  HASI. 
SASI.  microphone 
install,  gap  finer* 
theme!  barriers,  and 
aft  fusedga/bady 
hep  interface  seel 

Liftoff  16*  dS, 
aero  161  r<| 

100 

Fig.  1  shows  test  setup:  text  has 
further  comments:  test  conducted 
in  SFL  (Art.  19) 

VSA-16: 

Verticil 

itabdizar 

Aluminum  fin 
integrally  machined, 
waffle  ikin  with 
frame*  and  spaed 
brakes  with 
honeycomb  skin 

Acreage,  trailing 
edge,  lading  edge 
HASI  end  SASI  gap 
fillers  and  conical 

wo! 

Compc-ite  liftoff 

164  dB 

100 

Vibration  rawonsa  wtd  NT 
eomparad  favorably  with  pre¬ 
dicted;  strain  leveit  low;  test 
conducted  in  SFL  (Aef.  20) 

WA-10: 

Wina/tlevon 

Aluminum  outboard 
Aavon  honeycomb 
skin  with  ribs  front 
apar  and  wing  por¬ 
tion  skin  stiffened 
with  pinched  hats 

Acreage,  trailing 
edge  H  RSI  end 

SASI,  gw  filler* 
end  theme!  seal 
•t  interface  of 
wing  and  eleven 

Liftoff  162  d6  and 
aero  1*6  dB 

6 

Vibration  responses  and  NT 
compared  favorably  with  pre¬ 
dicted;  strain  leveit  low:  test 
conducted  in  reverberant 
chamber  it  Aockwell/ NAAO 
(Aef.  211 

WA-1»: 

incbidini 

laadiniodia 

Aluminum  wing  skin 
stilfonad  with 
pinched  hats,  frames 
and  front  g>*r 

ACC  and  fiber  paw 
(simulated}  leading 
edges  acreage  SASI 
and  production 
closeout  tiles  with 
front  war  insulation 
and  pp  fillers 

Composite  liftoff 
andaaro  161  dl. 
acceNrawd  testing 

164  di 

*00 

Fig.  6  shawl  test  setup.  Text 
hm  further  comments.  Test 
conducted  in  SFL  (Aef.  22) 

AFA-M: 

QMS 

Complete  operational 
module  with 
f  white-epoxy 
honeycomb  akin  and 
aluminum  wcondwy 
structure 

Acrmga  LASI. 

FASI,  end  SRail 

LiftoH  163  d|, 
awo  111  dB  hot 
wot  gradient 

30 

Vibration  responan  prediction; 

NT  and  strain  as  predicted:  sub¬ 
system  met  functional  itqmts; 
test  conducted  in  SFL  IRef.  23) 

AFA-2S: 

Aft  raoetten 

control 

tubtystam 

Complete  op  vetwnei 
module  with  graphite 
apaxy  hanayeomb 
Ain  and  aluminum 
wcondwy  structure 

Ac  reaps  LASI. 

FRSI.  end  SASI 

LiftoH  163  dl, 
aero  1*5  dB, 
accelerated  test 

IMdl 

8 

Vibration  responses  exceed  pre¬ 
dictions;  NT  compved  favorably 
with  predictions;  strain  levels  low: 
subsystem  met  functional  reqmt* 
tew  conducted  in  SFL  (Ref.  24) 

BODY  FLAP  ACOUSTIC  AND  FLtGHT  TEST  DATA 
Acoustic  Test 

The  acoustic  environments  for  the  body  flap  test  are 
shown  in  Fig.  10.  The  facility  was  able  to  achieve  the  test 
environment  within  the  specified  tolerance  in  each  1/3-octave 
band.  Vibration  responses  measured  on  the  skin  between 
frames  and  at  a  frame-skin  interface  are  compared  with  the 
predicted  body  (lap  vibration  in  Fig.  11.  The  predicted  and 
measured  skin  vibration  compared  favorably  except  below 
100  Hz.  The  acoustic  and  vibration  criteria  were  developed 
using  the  methods  described  in  Ref.  [6].  Fig.  12  compares 
external  and  internal  noise  measured  at  the  liftoff  condition. 
Noise  reduction  greater  than  the  10-dB  predicted  is  observed. 
The  predicted  noise  transmission  was  developed  using  data 
obtained  early  in  the  Shuttle  program,  Ref.  [5]. 

Fig-  13  compares  vibration  data  for  the  structure  and 
one  of  the  tiles.  It  can  be  concluded  that  the  tile  and 
structure  responded  together  in  the  normal  direction  up  to 
about  250  Hz,  but  above  this  frequency  the  tile  decouples 
from  the  structure.  Results  of  this  type  were  typical  for 
several  test  articles.  Using  coherence  analysis  and  vibration 
data  from  another  acoustic  test  of  structure-TPS,  Ref.  {25} 
concluded  that  the  structural  vibration  was  the  main  exciter 
of  tile  response  below  250  Hz  whereas  the  acoustic  pressure 
was  the  main  exciter  between  250  and  800  Hz. 

As  seen  in  Fig.  8  and  the  top  of  Fig.  i4,  several  edge 
tiles  are  cantilevered  over  the  trailing  edge  and  sides  of  the 
body  flap,  leaving  only  a  small  area  (called  a  footprint)  for 


attaching  an  edge  tile  to  the  structure.  Fig.  14  shows  the 
normal  response  of  one  of  these  tiles,  one  in  the  center  of  the 
footprint  and  the  other  in  center  of  the  cantilevered  area. 
Tile  rocking  is  observed,  making  it  susceptible  to  early 
failure.  Fig.  14  also  shows  the  lateral  response,  which  is 
significantly  lower  than  the  normal. 

Flight  Data 

Fig.  15  shows  time  histories  of  acoustic  and  vibration 
measurements  for  the  body  flap  during  the  liftoff  period  of 
the  first  Shuttle  flight  (STS-1).  Two  transitory  periods  are 
prominent.  The  first  occurs  during  Space  Shuttle  main  engine 
(SSME)  ignition  (MEi).  The  design  of  the  engines  require  a 
fuel  lead  and  then,  because  of  the  extremely  high  operational 
pressures,  a  pause  is  required  in  the  thrust  build-up  to  permit 
stabilization  of  the  high-pressure  fuel  and  oxidizer  pumps. 
During  this  pause,  the  partially  full  exhaust  flow  in  the 
nozzle  is  extremely  rough  and  small  explosive  detonations  are 
occurring  downstream  of  the  nozzle  exit  as  unburned  fuel  in 
the  exhaust  explosively  mixes  with  the  atmospheric  oxygen. 
As  shown  in  the  time  histories,  this  transitory  noise  and 
subsequent  vibration  equals  or  exceeds  the  levels  experienced 
from  combined  SSME  and  solid  rocket  booster  (SRB) 
operation  as  the  vehicle  clears  the  launch  pad. 

The  second  transitory  peak,  shown  only  in  the  acoustic 
tune  history,  occurs  during  SRB  ignition.  This  peak  is  really  a 
low-frequency  pressure  wave  caused  by  the  dynamic 
interaction  between  the  stationary  air  mass  in  and  around  the 
nozzle  and  the  sudden  onset  of  high-velocity  exhaust  gases 
through  the  nozzle  as  engine  chamber  pressure  rapidly 


Fig.  to  -  Acoustic  criteria  for  body  flap  acoustic  test  AFA-1S 
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ONE  THIRD  OCTAVE  BAND  LEVEL  -  dB  (RE  2  X  lO5  N/m2| 


Fig.  II  -  Comparison  of  predicted  and  measured  random  vibration 
response  of  body  flap  skin  and  skin-frame  interface 
( normal  direction)  obtained  from  acoustic  test  AFA-tS 


Fig.  12  -  Comparison  of  measured  external  noise  with  predicted 
and  measured  internal  noise  obtained  from  body  flap; 
acoustic  test  AFA-IS 
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Fig.  i3  -  Comparison  of  measured  body  flap  structure  and 
tile  random  vibration  responses  ( normal  direction J 
obtained  from  acoustic  test  AFA-IS 


Fig.  14  -  Comparison  of  measured  edge  tile  random  vibration 
response  obtained  from  body  flap;  acoustic  test  AFA-IS 
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Fig,  IS  -  Body  flap  vibration  and  acoustic  time  histories 
obtained  from  STS- 1 


increase*  during  the  ignition  phase.  The  result  is  the 
formation  of  a  weak  blast-wave  in  the  air.  However,  as  seen  in 
Fig.  IS,  the  body  flap  vibration  time  history  shows  no 
significant  peak  at  this  time,  although  other  orbitcr  locations 
show  appreciable  responses. 

Figs.  16  and  17  compare  flight  acoustic  and  vibration 
spectra  for  MEI,  the  remaining  portion  of  liftoff  (relatively 
steady  burn  of  the  main  engines;  and  for  the  aerodynamic 
period  of  flight.  Fig.  18  shows  chat  the  difference  between 
external  and  internal  noise  is  in  excess  of  10  dB  at  liftoff 
(excluding  MEI). 

BODY  FLAP  COMPARISON  AND  OBSERVATIONS 

Figs.  10  and  16  show  the  predicted  acoustic  and 
measured  flight  acoustic  spectra  tor  the  liftof'  and 
aerodynamic  conditions.  At  MEI,  the  flight  acoustic 
environment  exceeds  the  predicted  by  as  much  as  6  dB 
between  50  and  100  Ha  and  up  to  3  dB  above  250  Hz.  The 
liftoff  predicted  criteria  exceeds  the  measured  liftoff 
environment  (except  MEI)  by  4  to  12  dB  depending  on  the 
1/3-octave  frequency  band  compared.  When  the  aerodynamic 
condition  is  compared,  the  predicted  exceeds  the  measured  in 
the  frequencies  of  interest  by  at  least  10  dB. 

Figs.  11  and  17  presentthe  vibration  response  of  the  skin 
from  the  acoustic  and  flight  test.  The  acoustic  test  vibration 
response  compares  favorably  with  the  vibration  response 
measured  rturing  MEI,  except  below  100  Hz.  The  flight 
vibration  response  measured  during  the  remaining  portion  of 


Fig.  17-  Random  vibration  response  data  obtained  from  body  flap  measurement  on  STS-t 


liftoff  is  about  10  dB  lower  than  the  acoustic  test  vibration 
response.  If  the  aerodynamic  condition  is  compared,  the 
acoustic  test  vibration  response  exceeds  the  flight  response 
by  about  20  dB. 

Figs.  12  and  18  show  that  the  acoustic  and  flight  test 
external  to  internal  noise  differences  compare  favorably  at 
liftoff  (except  MEI).  In  this  case,  the  initially  predicted  value 
of  10  dB  reduction  proved  to  be  conservative. 

The  exposure  time  for  the  liftoff  condition  for  the 
acoustic  test  [Ref.  9  and  19]  and  the  flight  test  (Fig.  15 
partially  displayed)  are  5  and  8  sec.,  respectively.  The 
duration  at  high  amplitude  for  the  MEI  portion  of  liftoff  can 
be  observed  ffom  Fig.  15  to  be  about  0.5  sec. 

One  can  conclude  from  these  comparisons  that 

•  The  MEI  flight  acoustic  environment  exceeds  the 
acoustic  test  environment  by  6  dB  between  50 
and  100  Hz,  whereas  the  vibration  response  from 
the  acoustic  test  exceeds  that  ffom  flight  by  6  dB 
in  the  same  frequency  band.  If  the  MEI  flight 
acoustic  speettum  had  been  utilized  for  the 
acoustic  test,  a  12  dB  overtest  would  have  resulted. 

•  The  exposure  time  associated  with  the  flight  liftoff 
condition  (except  MEI)  was  longer  than  predicted 
but  the  flight  acoustic  and  vibration  environments 
(except  MEI)  were  much  lower  than  the  predicted 
liftoff  levels.  As  a  result,  the  acoustic  test  could 
have  produced  greater  fatigue  damage  than  did 
flight. 


•  Because  the  flight  aerodynamic  acoustic  and 
vibration  environments  were  so  much  lower  than 
liftoff,  their  contribution  to  fatigue  damage  was 
considered  negligible.  Therefore,  there  was  no  need 
to  apply  to  aerodynamic  environment  during  the 
acoustic  test. 

The  first  comparison  indicated  that  the  acoustic  test 
produced  an  overtest  o',  vibration  response  below  100  Hz. 
The  probable  cause  for  some  of  the  excessive  vibration  is  the 
semireverberant  chamber  used  for  the  acoustic  test. 
A  comparison  of  ground  and  flight  test  data  associated  with 
most  of  the  test  articles  noted  in  Table  1  has  been  conducted. 
In  almost  every  case,  if  the  test  article  had  low-frequency 
modes  (below  100  Hz),  the  semireverberent  and  reverberent 
chambers  excited  some  of  them.  No  evidence  was  found 
during  the  STS-1  flight  that  this  occurred.  This  indicates  that 
an  overtest,  to  some  degree,  in  the  low  frequency  region 
occurred  on  all  of  the  test  articles. 

BODY  FLAP  ACOUSTIC  RETEST 

During  the  100-mission  acoustic  test  exposure  of  the 
bejy  flap  test  article,  several  TPS  and  structural  failures 
occurred.  The  testing  was  interrupted  a  few  times  because  of 
a  loss  of  HRSI  tiles,  especially  those  cantilevered  over  the 
trailing  edge  of  the  body  flap.  Differences  in  strain  gauge 
readings  during  acoustic  exposure  as  well  as  differences  in 
modal  behavior  (as  measured  from  modal  surveys  conducted 
between  acoustic  exposure  periods)  indicated  progression  of 
structural  failures  throughout  the  test  [Ref.  26).  Several 
structural  failures  were  observed  during  inspection  at  the  end 
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Fig.  18  -  Comparison  of  body  flap  external  and  internal  noise  obtained  during  liftoff  of  STS-1 


of  the  test.  Because  tim.-to-failures  could  not  be  accurately 
pinpointed,  the  test  article  is  presently  being  refurbished  and 
is  scheduled  to  be  retested  using  the  revised  criteria  shown  in 
Fig.  19.  The  revised  acoustic  test  environment  was 
established  using  flight  data  and  the  vibroacoustic  test 
method  concept  developed  in  Ref.  [27],  i.e.,  selecting  an 
acoustic  environment  to  produce  a  given  vibration  response. 


vibration  responses  compare  favorably  with  the  predicted; 
however,  as  in  many  other  zones  of  the  orbiter,  measured 
skin-frame  interface  vibration  exceeds  the  predicted.  The 
in-plane  skin  vibration  is  also  plotted  on  Fig.  22.  Except  at 
1,500  Hz.  it  is  at  least  10  dB  less  than  the  normal  skin 
response.  Fig.  23  presents  measured  vibration  response  in  a 
direction  normal  to  the  RCC  surface. 


WING  (WITH  LEADING  EDGE) 

ACOUSTIC  AND  FLIGHT  TEST  DATA 

Acoustic  Test 

The  acoustic  environments  shown  in  Fig,  20  for  the 
wing  (with  leading  edge)  WA-19  test  were  developed  by 
enveloping  the  predicted  upper  and  lower  wing  liftoff  and 
aerodynamic  flight  environments  and  deriving  a  composite 
using  Miner’s  rule  (Ref.  24],  The  accelerated  test 
environment  (used  to  attempt  to  fail  the  structure),  also 
shown  in  Fig.  20,  was  also  developed  using  Miner's  rule,  The 
acoustic  test  exposed  the  test  article  to  the  equivalent  of 
500  missions. 


At  the  conclusion  of  the  test,  a  visual  inspe  .  tion  of  the 
test  article  revealed  two  points  of  structural  failure  in  a 
mini-frame.  The  locations  of  the  failures  are  illustrated  in 
Figs.  24, 25,  and  26-  Complete  separation  shown  in  Fig.  25  of 
the  mini-rib  occurred  at  about  350  mission-equivalents  of 
accelerated  testing.  This  was  deteunined  from  rapid  changes 
in  strain  gauge  readings  located  near  the  failure  (located  as  a 
result  of  the  modal  survey).  The  other  point  of  failure 
detected  after  testing  was  a  crac  <  in  the  same  mini-frame 
(Fig.  26).  The  strain  data  at  the  first  point  of  failure  was  used 
to  estimate  the  time  the  crack  occurred  to  be  equivalent  to 
320  missions. 

Flight  Data 


The  predicted  decrease  in  noise  from  outside  to  inside 
the  wing  structure  and  the  RCC  cavity  was  10  dB  (Ref.  5|. 
Fig.  21  shows  external  and  infernal  noise  spectra  obtained 
from  the  ground  test.  The  comparison  shows  a  10  dB  or 
greater  reduction  in  each  1/3-octave  band. 


Fig.  27  shows  the  time  histories  of  the  flight  acoustic 
and  vibration  measurements  for  the  wing  during  STS-1 
liftoff.  A  review  of  the  acoustic  time  history  shows  a  high 
SRB  ignition  overpressure  pulse;  however,  as  noted  earlier 
with  the  body  flap,  no  appreciable  wing  vibration  is  observed. 


Fig.  22  compares  predicted  and  measured  wing 
(including  leading  edge)  vibration  response  for  the  skin  and 
the  skin-frame  interface  in  the  normal  direction.  The  skin 
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Figs.  28  and  29  show  the  acoustic  and  vibration  spectra 
that  the  wing  encountered  during  the  liftoff  (including  ME1 
and  SRB  ignition)  and  aerodynamic  portions  of  Shuttle  flight 


ONE-THIRD  OCTAVE  BAND  LEVEL  -  dB  (HE  2  X  lO-5  N/m2)  ONE-THIRD  OCTAVE  BAND  LEVEL  dB  (RE  2  X  Iff5  N/m2) 


Fiy.  /  9  -  Revised  acoustic  criteria  for  body  flap;  acoustic  test  AFA-15 


Fig.  20  -  Acoustic  criteria  for  wing  ( including  leading  edge);  acoustic  test  WA-19 
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ONE  THIRD  OCTAVE  BAND  CENTER  FREQUENCIES  (Hi) 


Fig.  21  -  Comparison  of  measured  external  noise  with  predicted 
and  measured  internal  noise  obtained  from  wing  ( with  leading  edge); 
acoustic  test  WA-19 


FREQUENCY,  HERTZ 


Fig.  22  -  Comparison  of  predicted  and  measured  random  vibration  from  the 
wing  (wit!  leading  edge);  acoustic  test  WA-19 
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Fig.  28  -  Wing  acoustic  spectra  obtained  from  STS-1 


Fig.  21  -  Random  vibration  response  data  obtained  from  wing  skin 
measurement  on  STS- 1  and  predicted  skin  and  skiir-f  aine 
interface  vibration  criteria 
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STS  !  Fig.  30  displays  *  comparison  of  external  and  internal 
noise  during  liftoff  of  Shuttle  flight  STS-1. 

WING  (WITH  LEADING  EDGE) 

COMPARISONS  AND  OBSERVATIONS 

Figs.  20  and  28  show  the  predicted  and  measured  flight 
acoustic  spectra  for  the  liftoff  and  aerodynamic  conditions. 
The  liftoff  (except  MEI)  levels  compare  favorably.  MEI  levels 
above  80  Hz  ere  lower  than  the  liftoff  (except  ME))  levels  by 
as  much  as  8  c’B.  As  shown  in  Fig.  28,  the  flight  aerodynamic 
spectrum  is  at  least  10  dB  lower  than  the  flight  liftoff 
environment  and  certainly  lower  than  predicted  (predicted 
not  shown  because  of  composite). 

Figs.  22  and  20  display  the  vibration  of  the  wing  skin 
from  the  acoustic  and  flight  test  and  the  predicted  vibration 
critera  for  the  skin  and  skin-frame  interface.  The  acoustic  test 
vibration  response  is  at  least  6  dB  higher  than  the  flight 
liftoff  environment  except  at  600  Hz.  The  flight  aerodynamic 
vibration  shown  in  Fig.  29  is  much  lower  than  the  liftoff 
case.  This  was  expected  because  of  the  difference  in  the 
acoustic  ground  and  flight  test  spectra. 

Figs.  21  and  30  show  that  the  acoustic  and  flight  test 
external  to  internal  noise  differences  compare  favorably.  The 
flight  test  external  to  internal  ncise  transmission  exceeds  the 
10  dB  predicted  value. 


The  exposure  time  for  the  liftoff  condition  for  the 
acoustic  test  (Ref.  9  and  22]  and  the  flight  tut  at  high 
amplitude  (Fig.  27)  was  5  sec. 

Some  conclusions  from  these  comparisons  ate: 

•  Even  though  the  acoustic  environments  compared 
favorably,  the  vibration  ruponse  was  lower  except 
at  600  Hz.  The  result  was  that  the  acoustic  test 
conducted  was  conservative  at  damaging 
frequencies. 

•  Durations  at  the  liftoff  condition  were  the  same 
for  the  acoustic  and  flight  test;  therefore,  the 
acoustic  test  duration  was  adequate. 

•  As  in  the  case  of  the  body  flap,  the  flight 
aerodynamic  acoustic  and  vibration  environments 
were  much  lower  than  liftoff  and  therefore  their 
contribution  to  fatigue  damage  was  considered 
negligible.  A  composite  criteria  for  the  liftoff  and 
aerodynam'c  contains  for  the  acoustic  test  was 
justified. 

'  •  Even  though  the  ground  test  vibration  response  at 
the  skin-frame  interface  exceeded  the  vibration 
criteria,  the  flight  data  measured  on  the  skin 
clearly  indicates  the  prediction  was  conservative 
(Fig.  29). 


Fig,  30  -  Comparison  of  wing  external  and  internal  noise  obtained 
during  liftoff  of  STS-l 
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WING  (INCLUDING  LEADING  EDGE)  RETEST 


The  acoustic  test  article  has  been  reconfigured  and 
additional  testing  of  the  TPS  associated  with  the  wing  leading 
edge  (RCC,  attach  points,  and  Internal  thermal  insulation)  it 
planned.  The  test  article  nomenclature  was  also  revised  to 
T35.  The  revised  acoustic  teat  environment  was  established 
using  flight  data,  and,  at  in  the  case  of  the  body  flap,  the 
vibroacoustic  test  method  concept.  Pig.  SI  shows  the  revised 
acoustic  test  criteria  for  the  planned  test.  Duration  for  the 
test  were  developed  using  data  shown  in  Fig,  27. 


Fig,  Jt  •  Revised  acoustic  criteria  for  the  wing  leading  edge;  acoustic  test  T}} 
ACKNOWLEDG EVENT 

The  author  wishes  to  thank  the  many  people  in  the 
Vibration  and  Acoustics  Group  at  Rockwell's  Spax 
Transportation  tc  Systems  Group,  particularly  Harry 
Himclblau  Jr.,  and  the  Structures  and  Meovutics  Division  of 
the  National  Aeronautics  and  Space  Administration's 
Johnson  Space  Center  who  have  contributed  their  time, 
knowledge,  and  effort  in  the  pursuit  of  this  project. 


96 


MTIMNCtS 

1.  Thompson,  R.F.,  “Space  Shuttle  Dynamic*,''  Shock  and 
Vibration  Bulletin  44,  Pt  2,  Aug.  1974,  pp.  1-17, 

2.  Malkin,  M.S.  and  Jeff*,  G.W.,  "Space  Shuttle  1976: 
Into  Mainttream  Development,"  Astronautics  and 
Aetonmtics,  VoL  14,  No.  1,  Jan.  1976,  pp.  40-42 

3.  Mclntoth,  G.P.  and  Larkin  7...,  “The  Space  Shuttle'* 
Testing  Gauntlet,’’  Astronautics  at;  cl  Aeronautics, 
Vol.  14.  No.  1,  Jan.  1976,  pp.  44-S6. 

4.  Strouhal,  G.  and  Tillian,  D.J.,  “Tewing  the  Shuttle  Heat 
Protection  Armor,"  Astronautics  and  Aeronautics, 
Vol.  14.  No.  1,  Jan.  1976.  pp.  57-65. 

5.  Stevens,  R.A.,  “Shuttle  Orbiter  Acoustic  Fatigue 
Testing,”  Journal  of  Environmental  Sciences,  Vol.  XIX, 
No.  2,  Mar/Apr.  1976,  pp.  23-*?. 

6.  Vibration  and  Acoustic  Unit,  “An  Interim  Report  on 
Shuttle  Orbiter  Vibroacoustics,”  Shock  and  Vibration, 
Bulletin  41,  Pt  3,  Sept.  1977,  pp.  157-201. 

7.  Korb,  L.J.  and  Clancy,  H.M.,  “Shuttle  Thermal 
Protection  System:  A  Material  and  Structural 
Overview,"  Material  and  Process  Application  to  Land, 
Sea,  Air  and  Space,  Vol.  26,  Soc.  Adv.  Mat.  Process 
Engr.,  Apr.  1961,  pp.  232-249. 

8.  Cooper,  P.A.  and  Holloway,  P.F.,  “The  Shuttle  Tile 
Story,”  Astronautics  and  Aeronautics,  Vol  19,  No.  1, 
Jan.  1981.  pp.  24-36. 

9.  “Space  Shuttle  Vibration  and  Acoustics  Unit,"  Space 
Shuttle  System  Acoustics  and  Shock  Data  Book, 
Rockwell  SD  74-SH-0082A,  Dec.  1976. 

10.  “Shock  and  Vibration  Handbook"  edited  by  CM.  Harris 
and  C.E.  Crede,  McGraw  Hill,  1961. 

11.  Stevens,  R.A.,  Ei^ineering  Analysis  Report:  Nose  Cap 
Systems  Phase  A  (FFA-OITy)  Acoustic  Fatigue  Test, 
Rockwell  SOD  800284,  Sept.  1980. 

12.  Stevens,  R.A..  Engineering  Analysis  Report  Forward 
Fuselage  On,  terbody  ( FFA-04 1  Acoustic  Fatigue 
Certifies  on  Test,  Rockwell  SOD  80-0496,  Dec.  1980. 

13.  Stevens,  R.A.,  Engineering  Analysis  Report  Mid 
Fuselage  Bottom  Panel  (DA-ttA)  Acoustic  Fatigue 
Certification  Test,  Rockwell  STS  81-0289,  Jan.  1981. 

14.  Stevens,  R.A.,  Engineering  Analysis  Report:  Forward 
Reaction  Control  Subsystem  (FFA'04)  Acoustic  Fatigue 
Certification  Test,  Rockwell  SOD  80-0434,  Nov.  1980. 


15.  Stevens,  R.A.,  Engineering  Analysis  Report:  Forward 
Payload  Bay  Door! Radiator  (PBAQl-t)  Acoustic 
Fatigue  Certification  Tett,  Rockwell  SOD  60-0476, 
Dec.  1980- 

16.  Stevens,  R.A.  Engineering  Analysis  Report:  Aft  Payload 
Bay  Doors  ( PBAQ7-2 )  Acoustic  Fatigue  Certification 
Tett,  Rockwell  SOD  80-0465,  Nov.  1980. 

17.  Stevens,  R.A.,  Engineering  Analysis  Report  Mid 

Fuselage  Side  Wadi  Panel  (MFA-Ot)  Acoustic  Fatigue 
Certification  Test,  Rockwell  SOD  80-0400,  Sept.  1980. 

18.  Stevens,  R.A.,  Engineering  Analysis  Report:  Mid 

Fuselage  Sltadow  and  Carry-Through  Panels  (MFA-09 
and  MFA-10 )  Acoustic  Fatigue  Certification  Test, 
Rockwell  SOD  804)475,  Nov.  1980. 

19.  Stevens,  R.A.,  Engineering  Analysis  Report:  Body  Flap 
(One-Half  Span)  AFA-IS  Acoustic  Fatigue  Certific  ation 
Test,  Rockwell  SOD  80-0458,  Nov.  1980. 

20.  Stevens,  R.A.,  Engineering  Analysis  Report:  Vertical 
Stabiliser  (Upper  Half)  VSA-16  Acoustic  Fatigue 
Certification  Test,  Rockwell  SOD  804)466,  Nov.  1980. 

21.  Stevens,  R.A.,  Engineering  Analysis  Report:  M ngl 
Elevon  (WA-lt)  Acoustic  Fatigue  Certification  Test, 
Rockwell  STS  81-0250,  Mar.  1981. 

22.  Stevens,  R.A.,  Engineering  Analysis  Report:  Wing 

Leading  Edge  System  (WA-19)  Acoustic  Fatigue  Test, 
Rockwell  SOD  804)348,  Sept.  1980. 

23.  Stevens,  R.A.,  Engineering  Analysis  Report:  QMS  Pod 
AFA-24  Acoustic  Fatigue  Certification  Test  Rockwell 
STS  81-0251,  Jan.  1981. 

24.  Stev-ms,  R.A.,  Engineering  Analysis  Report:  Aft 

Reaction  Control  System  Pod  (AFA-25)  Acoustic 
Fatigue  Test,  Rockwell  SOD  804)427,  Jan.  1981. 

25.  Piersol,  A.G.  and  Pope,  L.D.,  “Analytical  and 

Experimental  Evaluations  of  Space  Shuttle  TPS  Tile 
Vibration  Response,"  Journal  of  Sound  and  Vibration, 
to  be  published. 

26.  West,  W.M-,  “Single-Point  Random  Modal  Tett 

Technology  Application  to  Failure  Detection,"  Journai 
of  Sound  and  Vibration,  to  be  published. 

22.  Stevens,  R.A.,  Allen,  H  C.  and  Pratt,  H.X.,  “Vibration 
Qualification  of  Fly-Away  Umbilical  by  Acoustic  Test 
Method,”  Institute  of  Environmental  Sciences,  Vol.  2, 
Apr.  1967,  pp.  437-442. 


99 


AC1  SHUTTLE  THKMMAL  HOTECTION  iYWtMl 


Paul  A.  Coopar 
NASA  Lenglty  Research  Center 
Hampton,  Virginia 


The  caramlc  Thermal  Protection  System  (TPS)  consists  of  carnal  c  til  as  bonded 
to  fait  pads  which  ara  In  turn  bonded  to  tha  Orblter  substructure  to  protect 
tha  aluminum  substructure  from  tha  heat  of  reentry.  The  successful  certifi¬ 
cation  of  tha  TPS  for  first  flight  raoulred  tha  joint  effort  of  several  NASA 
canters,  the  prime  contractor,  and  university  consultants  led  by  tha  TPS 
system  managers  from  tha  NASA  Johnson  Space  Cantar.  This  paper  describes 
tha  TPS  and  addresses  the  results  of  soma  of  tha  experimental  work  Including 
dynamic  response  studies  performed  at  the  NASA  Langley  Research  Center  In 
support  of  the  efforts  to  certify  the  TPS  for  flight. 


INTRODUCTION 

Based  on  both  weight  and  cost  considera¬ 
tions,  the  Shuttle  Orblter  was  designed  In  large 
part  as  a  conventional  skin-stringer  aluminum 
aircraft  structure.  The  properties  of  aluminum 
dictate  that  the  maximum  temperature  of  the  skin 
be  maintained  below  350  P.  Aerothermal  heating 
during  ascent  and  reentry  creates  surface  equi¬ 
librium  temperatures  well  above  this  level  and. 
In  many  places,  above  the  melting  point  of 
aluminum.  This  heating  necessitates  some  form 
of  Insulation.  The  Shuttle  design  goal  of  10Q- 
mlsslon  reusability  with  minim*  turnaround  time 
between  flights  dictated  the  use  of  a  light¬ 
weight,  nonablative  Thermal  Protection  System 
(TPS)  which  could  withstand  the  thermal  cycles 
and  environmental! oads  of  space  flight. 

In  the  early  1970s,  NASA  and  the  Space 
Division  of  Rockwell  International,  the  prime 
contractor  for  the  Orblter,  agreed  to  use  a 
newly  developed  TPS  ceramic  material  formulated 
and  manufactured  by  Lockheed  Hiss 11 as  I  Space 
Co.  The  TPS  acts  as  an  excellent  Insulation  for 
surface  eoulllbrlum  temperatures  up  to  2300  F. 
This  ceramic  Is  highly  brittle  and  has  straln- 
to-fallurt  performance  of  approximately  0.002— 
considerably  below  the  expected  combined 
mechanical  and  thermal  operating  strain  of  th» 
aluminum  skin.  In  addition,  tha  ceramic  has  a 
coefficient  ot  linear  thermal  expansion  well 
below  that  of  aluminum.  Thermal  and  mechanical 
expansion  and  contraction  of  tha  alunlnum  skin 
would  crack  caramlc  material  bonded  directly  to 
It. 

To  protect  the  reusable  surface  Insulation 
(RSI)  from  excessive  strain,  tha  ceramic  Insula¬ 
tion  was  placed  on  the  aluminum  In  tha  form  of 


Individual  tiles  with  aide  dimensions  of  tha 
order  of  six  Inches  or  less.  About  30,000  tiles 
of  various  sizes  end  shapes  cover  slightly  over 
70S  of  the  Orb  Iter's  exterior.  Daps  between  tha 
tiles  allow  fur  relative  motion  as  tha  aluminum 
skin  expands  or  contracts  and  tha  substructure 
deforms.  The  allowance  for  relative  notion 
alone  Is  not  sufficient  to  protect  the  Integrity 
of  the  ceramic  material.  To  isolate  the  strain 
of  tha  aluminum  substructure  from  the  tile,  tha 
tile  Is  first  bonded  to  e  sireln-lso'.ator  pad 
(SIP)  using  an  elastomeric,  rocm-temparature- 
vulcanlzlng  (RTV)  silicone  adhesive.  Then  the 
tile  and  SIP  combination  Is  bonded  to  tha 
aluminum  skin  with  tha  same  adhesive.  Tha  SIP 
has  vary  low  shear  and  axtanslonal  moduli  and 
protects  tha  brittle  caramlc  materiel  from 
deformations  of  tha  aluminum  structure. 

Initially,  the  loads  expected  on  tha  TPS 
came  wall  within  tha  strength  of  RSI  and  SIP. 

As  tha  design  of  the  Orblter  progressed,  mission 
regulramercs  became  firmer  and  load  predictions 
became  ruined.  It  became  obvious  that  tha  TPS 
would  have  to  withstand  loads  higher  than  Ini¬ 
tially  anticipated.  Although  tha  refined  loads 
reduced  margins  of  safety,  In  most  cases  they 
ceused  stresses  within  the  strength  of  RSI  and 
SIP  If  considered  Independently.  Because  of 
budgetary  constraints  on  tha  project,  tests  of 
tha  TPS  as  a  complete  system  of  .1SI/PTV/SIP  ware 
de'ayed  till  tha  spring  of  1979  when  most  of  the 
tiles  had  bean  already  Installed  on  tha  first 
orblter.  These  tests  of  the  RSI/RTV/SIP  as  a 
system  revealed  tha  systam  tensile  strength  to 
be  significantly  lass  than  the  tensile  strength 
of  the  individual  components.  This  situation 
censed  negative  margins  of  safaty  over  large 
areas  of  tha  Orblter  TPS. 
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An  Intense  effort— Involving  several  NASA 
centers,  industrial  concerns,  and  universities— 
was  Mounted  to  understand  thoroughly  the  TPS  at 
a  structural  system  and  solve  the  problmns 
associated  with  the  high-load  areas.  As  a  part 
of  this  effort.  In  the  fail  of  1979  Langlqy 
Research  Center  began  Investigating  static  and 
dynamic  structural  mechanics  of  the  TPS  and  its 
Individual  components*  The  results  of  this 
investigation  will  be  used  to  give  the  readOr 
Insight  Into  the  material  and  structural  charac¬ 
teristics  of  the  TPS,  the  problems  In  Its  design 
that  contributed  to  the  delay  of  the  first 
launch,  and  the  techniques  used  to  resolve  these 
problmns. 

TPS  DESCRIPTION 

The  Isotherm  plot  In  Fig.  1  gives  typical 
expected  maximum  surface  temperatures  for  the 
Orblter  In  a  nominal  trajectory— a  range  of 
maximum  surface  equilibrium  temperatures  from  a 
low  of  600  F  on  the  upper  surface  aft  of  the 
cockpit  to  a  high  of  almost  2700  F  at  the  fuse¬ 
lage  nosecap.  The  Orblter's  skin  (mainly  2024, 
2219,  or  2124  aluminum,  with  graphite/epoxy  used 
for  the  cargo-bay  door)  has,  as  mentioned,  a 
designed  maximum  use  temperature  of  350  F,  thus 
all  surfaces  must  be  Insulated. 


Fig.  1  •  Maximum  surface  temperatures  expected 


The  various  Insulation  procedures  used  for 
temperature  control  of  the  structural  skin  (see 
Fig.  2)  Include  reinforced  carbon-carbon  (RCC), 
two  types  of  ceramic  reusable  surface  Insulation 
tiles,  and  a  limited  amount  of  nonreusable 
ablative  material.  RCC,  a  carbon  cloth  Impreg¬ 
nated  with  additional  carbon,  heat-treated,  and 
then  coated  with  silicon  carbide,  has  a  reuse 
temperature  of  2900  F.  The  two  types  of  ceramic 
RSI  tiles,  one  of  which  Is  made  In  two  different 
densities,  cover  regions  experiencing  surface 
temperatures  between  700  and  2300  F.  A  blanket 
of  Felt  Reusable  Surface  Insulation  (FRSI) 
coated  with  room-temperature  curing  silicon 


covert  arovt  where  surface  temperatures  do  not 
exceed  700  F  during  entry  or  750  F  during  ascent 
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Fig.  2  -  Distribution  of  TPS 
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Other  thermal  barriers  Include  thermal  windows, 
aerothermal  seals  to  restrict  hot-gas  flow  into 
control- rurf act  cavities,  and  tile  filler  bars 
(strips  of  coated  felt  bonded  to  the  structural 
surface  between  tiles  to  prevent  direct  heat- 
radiation  or  convection  to  the  skin).  Tile-gap 
fillers— pads  made  from  an  alumina  mat  covered 
with  a  ceramic  fabric— bonded  to  filler  bars 
between  tiles  In  high-pressure-gradient  areas 
restrict  the  flow  of  hot  gas  between  adjacent 
tiles.  Pads  of  this  type  are  also  used  as 
thermal  barriers  around  structural  penetrations 
such  as  landing  gear  doors.  Internal  blankets 
are  used  as  Insulation  to  protect  the  structure 
from  Internal  surface  heat  radiation  where  RCC 
Is  used,  and  are  used  extensively  throughout  for 
thermal  management. 


There  are  three  types  of  ceramic  RSI: 
Class  I,  Class  II,  and  LI-2200  tiles: 


Class  I  tiles  cover  areas  where  the  maximum 
surface  temperature  should  run  between  700  and 
1200  F.  They  have  a  white  ceramic  coating  with 
a  low  solar  absorptance  to  help  maintain  low 
temperature  In  orbit  by  reflecting  solar  radia¬ 
tion.  These  tiles  are  designated  Low-tempera¬ 
ture  Reusable  Surface  Insulation  (LRSI). 


Class  II  tiles  cover  areas  where  the  maxi¬ 
mum  surface  temperatures  are  between  1200  and 
2300  F.  They  have  a  black  ceramic  coating  with 
a  high  surface  em1tt»-ve  to  radiate  heat 
efficiently  during  reentry.  These  tiles  are 
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designated  High- temperature  Reusable  Surface 
Insulation  (HRSI). 

Lockheed  manufactures  both  the  Clars  I  and 
Class  II  tiles  from  a  9  lb/ ft3  ceramic  RSI 
designated  LI-*00.  The  third  type  of  ceramic 
RSI,  designated  LT-2200,  has  the  same  co^i  g  as 
Class  II  tiles  but  a  higher  density  (22  lb/ft3) 
and  strength.  The  Orblter  uses  only  a  small 
number  of  LI-2200  tiles  In  ateas  of  high  concen¬ 
trated  loads,  usually  around  penetrations  such 
as  landing-gear  doors  or  In  the  forward-fuselage 
area  near  RCC  Interfaces  where  higher  heat 
resistance  Is  required  to  handle  surface  temper¬ 
atures  which  can  reach  2600  F.  Tile  thickness 
varies  according  to  heat  load  and  requirements 
for  maintaining  the  aerodynamic  outer  moldline. 
The  tiles  range  from  less  than  1/2  In.  thick  for 
LRSI  at  the  upper  mid-fuselage  region  to  6  In. 
thick  for  HRSI  on  the  body  flap's  lower  surface. 
Both  the  LI -900  and  LI -2200  tiles  are  cut  and 
shaped  from  larger  ceramic  blocks  to  fit 
specific  Orblter  areas.  The  blocks  are  composed 
of  compacted  1.5-mlcron-dlam.  silica  fibers 
bound  together  by  collodlal  silica  fused  during 
a  4-hr.  sintering  process  in  which  temperatures 
reach  2400  F.  The  tiles  are  then  coated  on  five 
sides  with  reaction-cured  glass  (RCG)  consisting 
of  silica,  boron  oxide,  and  silicon  tetraborlde 
and  glazed  at  2000  F.  A  silicon  polymer  water¬ 
proofs  the  uncoated  side.  Tne  microstructure  of 
the  RSI  is  shown  In  Fig.  3;  voids  comprise  over 
90%  of  the  resultant  tile. 

The  SIP  Is  formed  from  nylon  fibers  (trade 
name  Nomex).  A  barbed  neadle  Is  passed 
repeatedly  through  the  pad  In  a  sewing-like 
procedure  which  compacts  the  fibers  oriented 
transversely  to  the  pad  to  provide  tensile 
strength  through  the  pad  thickness  (see  Fig.  4). 


Fig.  3  -  Photomicrograph  of  LI-900  RSI 


Fig.  5  -  TPS  assembly 


Fig.  4  -  Photomicrograph  of  SIP 


Figure  5  depicts  the  complete  TPS 
assemblage  In  schematic  form,  and  Fig.  6  shows 
actual  components  In  various  stages  of  assembly 
for  test  specimens.  K-t  tiller  bars  are  bonded 
only  to  the  aluminum  '  jbstructure,  not  to  the 
RSI  tiles  and  thus  provide  a  vent  path  for  the 
SIP  during  ascent.  In  selected  areas,  the  tiles 
also  bond  to  the  filler  bars  to  distribute  loads 
over  a  larger  area  and  reduce  the  stress  on 


highly  loaded  tiles.  The  RCG  coating  on  the 
sides  of  the  tile  does  not  extend  to  the  filler 
bar  thus  allowing  the  porous  tile  to  vent. 

Tensile  loads  applied  normal  to  the  SIP  are 
transmitted  across  It  along  the  transverse  fiber 
bundles  at  discrete  regions  shown  In  Fig.  4. 
Stress  concentrations  fro~  this  local  load 
transfer  reduce  system  tensile  strength  by  about 
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Fig.  6  -  TPS  assembly  seouence 


<1 


50*  for  both  the  LI-900  and  the  LI-2200  TPS  as 
shown  In  Table  1.  The  failure  of  the  system 
under  a  transverse  tension  load  occurs  at  the 
SIP/RSI  Interface  as  shown  In  Fig.  7. 

Table  1 

Tensile  Strength  of  TPS  Components 


psl 

LI-900  Ceramic  RSI  24.0* 

.160  In.  SIP  41.0 

RTV  560  Adhesive  480 

RTV/LI-900  RSI/RTV/. 160  SIP/RTV  11.7 

LI-2200  RSI  60.0 

.090  In.  SIP  68.0 

RTV  560  Adhesive  480 

RTV/LI-2200  RSI/RTV/. 090  SIP/RTV  28.7 


*  Values  obtained  from  Internal  Rockwell 
International  Documentation. 


Fig.  7  -  Tensile  failure  mode  of  RSI 


A  photoelastic  study  demonstrated  that  the 
reduced  strength  occurred  because  of  the  load- 
transfer  mechanisms  of  the  SIP.  A  highly  sensi¬ 
tive  photoelastic  material  was  bonded  to  the  SIP 
using  RTV  adhesive.  The  photoelastic  material 
gives  optical  signals  proportional  to  the  Inter¬ 
nal  stress  level  when  viewed  under  polarized 
light.  Figure  3  shows  the  photoelastic  specimen 
loaded  In  tension  and  the  expected  resultant 


stress  field  for  RSI  bonded  to  SIP.  The  SIP/ 
photoelastlc-materlal  Interface  exhibits  dis¬ 
crete  stress  risers  all  along  the  Interface.  In 
contrast,  the  alumlnum/photoelastlc  material 
Interface  shows  only  corner  stress  concentra¬ 
tions  caused  by  the  differential  stiffnesses  of 
the  mater la's.  The  stress  concentration 
factors  measured  at  the  SlP/photoelastlc- 
materlal  Interface  were  as  high  as  1.9  and 
account  for  the  reduced  strength  of  the  SIP/RSI 
assemblage. 


Fig.  8  -  Photoelastic  study  of  SIP  load  transfer 
to  RSI 


DENSIFICATION  OF  BONDING  SURFACE 

In  1979,  Rockwell  International,  NASA- 
Johnson  and  -Ames  Investigated  several  proce¬ 
dures  to  strengthen  this  RSI/SIP  Interface.  The 
most  effective  of  these  procedures  was  a  densl- 
flcatlon  of  the  bonding  surface  of  the  RSI.  In 
the  denslflcatlon  procedure,  the  voids  between 
fibers  at  the  bonding  surface  are  filled  by  a 
ceramic  slurry--a  mixture  of  DuPont’s  Ludox  (a 
colloidal  silica)  and  a  silica  slip  consisting 
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of  a  mixture  of  small  particles  cf  silica  and 
water.  A  controlled  amount  of  this  mixture, 
pigmented  to  give  an  Identifying  light-gray 
color,  1$  brushed  on  the  surface  to  be  dens  1  fled. 
The  mixture  Is  air-dried  for  24  hours  and  oven- 
dried  at  150  F  for  2  hours  and  then  waterproofed 
by  exposing  the  tile  to  vapors  of  methyltrl- 
methoxy  silane  (Dow-Cornlng  Z-6070)  and  acetic 
acid  at  350  F.  This  mixture  provides  a  hard, 
strong,  nearly  continuous  denslfled  layer.  The 
density  decreases  gradually  toward  the  Interior 
of  the  tile.  Most  of  the  denslflcatlon  material 
remains  within  0.11  In.  of  the  bonding  surface 
for  the  LI-900  RSI.  The  photomicrograph  of  the 
bonding  surface  in  Fig.  9  clearly  shows  the 
larger  particles  and  the  result  of  denslflcatlon 
by  comparison  with  the  undenslfleu  RSI  shown  In 
Fig.  3. 


Fig.  9  -  Photomicrograph  of  denslfled  tile 


Denslflcatlon  of  the  t.11e  surface 
strengthens  the  SIP/tile  Interface  sufficiently 
so  that  the  high  concentrations  of  stresses  at 
the  Interface  can  be  supported  and  redistributed. 
Failure  under  static  tensile  load  occurs  In  the 
RSI  outside  the  denslfled  zone  •for  the  L 1-900 
RSI  as  shown  In  Fig.  10  and  either  In  the  RSI 


Fig.  10  -  Tensile  failure  mode  of  denslfied  TPS 


outside  the  denslfled  zone  or  In  the  SIP  for  the 
LI-2200  RSI.  Denslflcatlon  Increases  the 
average  static  tensile  strength  almost  100X  for 
the  LI-900  RSI  and  over  60X  for  the  LI-2200  RSI, 
as  shown  In  Table  2. 

Table  2 

Comparative  Strength  of  Denslfled 
and  Undenslfled  TPS 


0.160  SIP/undensIfled  LI-900 .  11.8 

0.160  SIP/densIfled  LI-900 .  22.6 

0.090  SIP/undensIfled  LI-2200 .  30.2 

0.090  SIP/densIfled  LI-2;  jO .  46.3 


PROOF  TEST 

To  obtain  allowable-strength  predictions,  a 
large  number  of  tensile  tests  of  Individual 
material  components  (the  RSI,  iIP,  and  RTV)  pre¬ 
ceded  full-scale  tile  production.  When  It  was 
discovered  that  the  system  had  considerably  less 
strength  than  the  weakest  of  the  Individual  com¬ 
ponents,  these  "allowable"  values  could  no 
longer  be  used  In  evaluating  the  margin  of 
safety  of  the  tile  at  various  places  on  the 
Orblter.  Indeed,  new  statistical  Interpreta¬ 
tions  of  a  small  number  of  complete  system 
tests  (RSI/RTV/SIP/RTV)  Indicated  that  a  large 
number  of  tiles  already  installed  on  the  Orblter 
possessed  negative  margins. 

Rather  than  rely  on  such  predictions,  a 
proof  tensile  load  equal  to  1.25  to  1.4  times 
the  maximum  equivalent  static  load  expected 
during  flight  (Uni*  load)  was  applied  to  tiles 
already  installed  on  the  Orblter.  Figure  11 
shows  the  proof -Lest  fixture  which  Incorporated 
a  vacuum  chuck  to  load  a  tile.  If  a  tile 
survived  the  proof  load,  presumably  It  had  suf¬ 
ficient  static  strength  to  give  a  positive 
margin  of  safety.  Failure  under  proof  test  was 
determined  by  either  separation  from  the  sub¬ 
structure  or  exceedance  of  measured  noise  counts 
In  an  acoustic  emission  test.  If  a  tile  failed 
m  4er  proof  test,  It  was  removed  and  denslfled 


Fig.  11  -  Proof  test  of  Installed  tiles 
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or  replaced  with  a  densified  tile.  In  addition, 
any  tile  whose  predicted  limit  stress  dictated  a 
proof  stress  higher  than  10  psl  was  automati¬ 
cally  removed,  densified,  and  reinstalled. 

Every  HRSI  tile  Installed  after  October  31,  1979, 
has  been  a  densified  tile. 

Moreover,  since  the  strength  of  a  densified 
system  now  depends  on  the  strength  of  the  RSI,  a 
nondestructive  test  has  been  Introduced  that 
assures  using  only  high-strength  RSI  tiles.  On 
the  basis  of  several  hundred  tensile  tests, 
Rockwell  has  found  a  strong  correlation  between 
the  velocity  of  sound  through  the  tile  material 
and  Its  tensile  strength.  The  combination  of 
tile-material  acceptance  based  on  this  sonic 
test  and  verification  of  the  strength  of  the 
bond  from  the  tension  tests  of  tiles  In  place 
assures  the  Integrity  of  the  densified  tiles 
under  static  loading. 

SIP  STATIC  RESPONSE 

Problems  other  than  the  SIP/RSI  Interface 
strength  attend  the  design  of  the  TPS.  A 
tensile  load  applied  normal  to  the  plane  of  the 
SIP  and  slowly  Increased  deformsthe  SIP  a  con¬ 
siderable  amount  at  very  low  loads.  As  trans¬ 
verse  fibers  straighten  and  begin  to  carry  load, 
the  stiffness  of  the  SIP  Increases.  As  applied 
load  Increases,  the  SIP  shows  a  decreasing  rate 
of  deformation  for  a  given  Increment  In  load, 
l.e. ,  the  SIP  material  exhibits  a  nonlinear 
stress-strain  behavior.  The  proof  load  cycle  of 
Fig.  12  demonstrates  this  nonlinear  behavior. 


An  added  complexity  Is  that  during  the 
loading  process,  transverse  fibers  realign  them¬ 
selves  so  that  after  a  complete  tension-compres¬ 
sion  cycle,  as  would  occur  during  a  TPS  proof 
test,  the  material  not  only  has  a  permanent  set 
but  also  has  a  different  and  even  more  nonlinear 
response  to  subsequent  loads.  This  behavior  Is 
shown  In  the  first  cycle  loading  In  Fig.  12 
which  would  be  the  expected  response  character 
of  the  SIP  during  the  first  ascent  mission. 


Indeed,  the  form  of  the  static  response  of 
the  SIP  to  load  continuously  changes  as  more 
load  cycles  are  applied.  The  material  develops 
a  continuously  increasing  region  of  low  stiff¬ 
ness.  The  SIP  material  behavior  thus  Is  highly 
nonlinear,  dependent  on  Its  prior  load  history, 
and  after  "load  conditioning"  has  a  sizeable 
low-stiffness  region. 

Tests  also  show  that  under  constant  load 
the  SIP  can  exhibit  a  large  amount  of  non- 
recoverable  creep  and  that  fie  ultimate  strength 
Is  a  function  of  the  rate  of  loading.  At  higher 
load-rates  the  SIP  exhibits  higher  strengths. 

The  shear  characteristics  of  the  SIP  have 
similar  nonlinear  behavior. 

Based  on  the  SIP  stress-strain  response 
after  a  proof  test  has  been  performed,  analysis 
shows  that  higher  stresses  result  at  the  tile/ 
SIP  Interface  under  certain  load  conditions  than 
would  be  predicted  by  linear  analysis.  In 
general,  the  nonlinear  analysis  predicts  higher 
stresses  In  the  SIP  than  a  linear  analysis 
unless  the  loading  Is  primarily  caused  by  sub¬ 
structure  deflection. 

TPS  DYNAMIC  RESPONSE 

The  SIP's  nonlinear  displacement  under  load 
causes  an  unusual  response  of  the  TPS  to  sinu¬ 
soidal  dynamic  acceleration.  The  resulting  dis¬ 
torted  wave  form  has  a  sharp  peak  acceleration 
as  shown  In  Fig.  13.  This  behavior  causes 
stress  amplification  of  the  maximum  Input 
acceleration  of  up  to  a  factor  of  4  at  resonance 
The  Orblter,  however,  should  experience  only 
random  vibration  Input  during  a  mission  and  the 
TPS  Is  not  expected  to  have  an  amplification  of 
this  magnitude. 

— . —  base  input 

•  - TEST  RESPONSE 


Fig.  13  -  Tile  response  to  sinusoidal  base  shake 

Nonlinear  characteristics  of  TPS  material 
and  Its  resultant  variable  damping  create  a.  com¬ 
plex  dynamic  response.  For  example,  the  natural 
response  frequency  of  the  SIP  Is  a  function  of 
the  applied  acceleration,  and  thus  varies  with 
dynamic  load.  Also,  Inspection  of  the  trans¬ 
verse  fibers  (see  Fig.  4}  In  the  SIP  shows  that 
they  do  not  run  completely  normal  to  the  plane 
of  the  pad,  so  the  In-plane  and  normal  motions 
of  the  SIP  are  coupled.  A  dynamic  analysis 
accounting  for  these  complexities  has  been 
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developed  that  contains  both  material  and 
viscous  damping  effects  evaluated  empirically 
from  vibration  tests.  A  comparison  of  analyti¬ 
cal  vs.  experimental  response  to  a  base  drive 
sinusoidal  Input  Is  shewn  In  Fig.  13. 

An  additional  dynamic  response  has  been 
observed  In  controlled  tests  and  predicted  with 
the  nonlinear  dynamic  analysis.  At  a  driving 
frequency  normal  to  the  tlle/SIP  Interface  and 
different  from  the  natural  frequency  of  the  TPS, 
a  large  lateral  parametric  response  develops  at 
half  the  driving  frequency.  This  dynamic 
Instability  could  become  critical  under  sinu¬ 
soidal  dynamic  Inputs.  It  does  not  develop  to 
any  degree  under  random  Input  however;  and 
since  random  Inputs  only  are  expected  during 
flight,  this  Instability  Is  not  felt  to  be 
Important. 

TPS  FATIGUE 

Dynamic  motion  of  the  TPS  poses  another 
concern  for  structural  integrity.  Repetitive 
loadings  due  to  lift-off  and  high-speed 
boundary- layer  aerodynamic  noise  plus  oscil¬ 
lating  shocks  repeatedly  traversing  the  tiles 
could  cause  fatigue  damage. 

TPS  fatigue  curves  showing  failure  stress 
as  a  function  of  number  of  load  cycles  are  pre¬ 
sented  In  Fig.  14.  The  greater  static  strength 
achieved  by  denslflcatlon  of  the  bonding  surface 
of  the  RSI  does  not  fully  translate  Into  an 
equivalent  Increase  In  fatigue  strength.  The 
mode  of  fatigue  failure  differs  between  the  un- 
denslfled  and  denslfled  TPS.  Results  plotted 
for  the  undenslfled  TPS  represent  failure  due 
to  complete  separation  at  the  SIP/RSI  Interface. 
Results  plotted  for  the  denslfled  TPS,  on  the 
other  hand,  represent  failure  defined  as  a 
total  out-of-plane  SIP  deformation  of  0.25  In. 


Fig  14  -  Fatigue  of  undenslfled  and  denslfled 
TPS 


Stress-displacement  curves  of  the  denslfled 
TPS  during  a  typical  fatigue  test  for  a  con¬ 
stant-amplitude,  fully-reversed  sinusoidal  load 
applied  at  1  Hz  are  shown  In  Figure  15.  As  the 
number  of  cycles  Increases,  the  SIP  continues 
to  unravel  with  a  continual  increase  In  total 


specimen  travel  and  a  continual  expansion  of  the 
low-stiffness  region.  Eventually  the  SIP  com¬ 
pletely  separates,  but  before  this  occurs  a  tile 
could  become  loose  enough  so  that  a  small 
exciting  force  during  flight  might  cause  It  to 
lift  off  the  filler  bar  and  move  Into  the  air- 
stream.  The  motion  of  one  tile  with  respect  to 
a  neighboring  tile  during  entry  could  disrupt 
airflow,  trip  the  boundary  layer  prematurely, 
and  Increase  heating  downstream.  The  amount  of 
relative  tile  motion  required  to  trip  the  flow 
depends  on  the  local  boundary  layer  thickness. 
The  measure  of  acceptable  relative  motion 
Increases  toward  the  aft  end  of  the  Shuttle  as 
the  boundary  layer  thickens.  The  relative 
motion  between  tiles  could  also  allow  plasma 
flow  between  tiles  which  could  cause  unaccept¬ 
able  heating  of  the  filler  bar. 


STRESS, 

RSI 


Fig.  15  -  Decrease  In  SIP  stiffness  during 
fatigue  loading 


The  fatigue  results  of  Fig.  14  show  that 
cyclic  loading  causes  a  relatively  large  reduc¬ 
tion  In  the  stress  levels  that  both  the 
denslfled  and  undenslfled  TPS  can  withstand  for 
a  small  number  of  cycles.  Since  the  fatigue 
failure  of  denslfled  TPS  takes  the  form  of 
excessive  elongation  of  the  SIP,  rather  than 
separation  in  the  parent  RSI,  a  further  Increase 
In  strength  of  the  RSI  ceramic  by  chemical 
reformulations  or  changes  In  manufacturing  pro¬ 
cesses  would  not  Improve  the  TPS  lifetime.  In 
fatigue,  SIP  represents  the  weak  link  In  the 
denslfled  TPS. 

Since  undenslfled  tiles  have  less  life 
expectancy  than  the  denslfled  tiles,  NASA  plans 
to  remove  and  denslfy  the  remaining  undenslfled 
tiles  during  the  normal  refurbishment  periods 
between  developmental  flights. 

MISSION  RANDOM  DYNAMIC  LOADS 

The  sinusoidal  dynamic  tests  which  Indica¬ 
ted  the  possibility  of  large  acceleration 
response  due  to  base  drive  and  the  fatigue  tests 
of  undenslfled  tile  TPS  which  Indicated  a 
possible  low  cycle  fatigue  problem  dictated  an 
additional  series  of  tests.  The  tests,  which 
simulated  In  the  laboratory  the  expected  major 
dynamic  random  loads  the  TPS  should  experience 
during  ascent,  were  performed  to  gain  confidence 
that  those  undenslfled  tiles  which  passed  their 
static  proof  test  and  thus  were  not  replaced 
would  survive  the  first  flight  during  ascent. 
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hiring  a  typical  shuttle  flight,  the  tiles 
experience  a  variety  of  loads  Including  main 
engine  and  solid  rocket  motor  Ignition  over¬ 
pressures  during  liftoff,  substructure  motions 
due  to  engine  vibrations  and  aerodynamic 
loadings,  direct  acoustic  pressure  loads 
caused  by  boundary- layer  noise,  and  differential 
pressures  due  to  shock  passage,  aerodynamic 
gradients  and  gust  loads,  and  tile  buffeting  due 
to  vortex  shedding  from  connecting  structure. 
Many  of  these  loads  are  dynamic  rather  than 
steady,  raising  the  question  of  the  fatigue 
strength  of  the  undenslfled  TPS  when  subjected 
to  random  dynamic  loading  at  stress  levels  below 
the  maximum  stress  level  established  as  accept¬ 
able  by  the  static  proof  test.  The  number  of 
specimens  and  the  load  ranges  Investigated  were 
limited  since  the  Intent  of  the  tests  was  not  to 
provide  an  exhaustive  fatigue  study  of  the  TPS 
but  rather  to  obtain  an  evaluation  of  the 
expected  behavior  of  the  TPS  under  dynamic 
loading  expected  during  ascent. 

The  test  fixture  Is  shown  In  Fla.  16  and 
consists  of  a  thin  aluminum  plate  riveted  to 
five  thlckwalled  aluminum  tubes.  The  fixture  Is 
designed  so  that  after  the  tile  Is  bonded  to  the 
plate,  the  plate  can  be  deformed  to  a  shape 
typical  of  substructure  deformations  expected  In 
the  Orblter.  By  bolting  the  tubes  to  a  rigid 
base  plate  with  shims  under  alternate  tubes,  the 
aluminum  plate  deforms  to  approximately  a  sine 
wave  with  the  wave  amplitude  given  by  the  shim 
thickness. 
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Fig.  16  -  TPS  mission  cycle  fatigue  tests 


Each  specimen  Is  given  a  proof  test  prior 
to  Its  acceptance  for  testing  In  accordance 
with  techniques  approved  for  proof  testing  TPS 
on  the  orblter.  After  proof  testing,  the 
fixture  Is  bolted  to  the  rigid  plate  with  shims 
In  place  and  Instrumented  with  lightweight 
accelerometers  and  noncontacting  displacement 
probes.  The  entire  system  is  mounted  to  a 
30,000  lb  shaker.  The  prescribed  broadband 
random  drive  acceleration  of  the  tile  base 
plate  In  the  direction  normal  to  the  til e/SIP 
Interface  was  controlled  for  all  specimens  and 
represented  a  given  orblter  region. 


To  combine  the  steady  state  tensile  load 
with  the  dynamic  and  local  substructure  deforma¬ 
tion  loads,  a  soft  bungee  cord  was  attached  to  a 
thin  metal  plate  bonded  to  the  top  of  the  tile 
at  a  po'...t  offset  from  the  tile  center  of 
gravity.  The  static  tension  and  moment  levels 
were  controlled  with  an  automatic  control  system 
activated  by  signals  from  another  channel  of  the 
analog  drive  tape.  A  schematic  of  the  complete 
test  setup  is  shown  In  Fig.  16.  During  a  test, 
the  shape  of  the  Input  spectrum  Is  fixed  (see 
Fig.  17  for  an  example  of  the  drive  spectrum) 
but  the  power  level  and  the  static  tension 
levels  are  changed  to  simulate  different  ascent 
conditions  for  the  wing  and  mid-fuselage  region. 

AEROGRADIENT  PLUS  BUFFET  POWER  SPECTRAL  DENSITY 


AEROSHOCK  PLUS  BUFFET  POWER  SPECTRAL  DENSITY 


Fig.  17  -  Random  vibration  spectra  wing  region 


Although  the  prlmtry  Intent  of  the  test 
series  was  to  gain  confidence  In  the  reliability 
of  the  TPS  under  simulated  load  conditions,  the 
tests  provided  an  opportunity  for  obtaining  ran¬ 
dom  dynamic  response  Information  on  the  TPS 
under  controlled  conditions.  Raw  tile  accelera¬ 
tion  data  provided  the  source  data  for  sub¬ 
sequent  detailed  analyses  of  tile  response 
characteristics  Including  power  spectral 
densities,  cross  spectral  densities,  coherences, 
transfer  functions,  probability  density 
functions  and  cumulative  distribution  functions. 
An  example  of  tile  output  transfer  functions 
over  the  active  drive  frequency  range  Is  shown 
In  Fig.  18. 

At  the  conclusion  of  the  ascent  mission 
dynamic  simulation  tests,  each  specimen  was 
reproofed  and  Its  static  response  compared  with 
that  measured  during  the  Initial  proof  test  to 
determine  the  extent  of  tile  loosening  which 
might  have  occurred  due  to  possible  degradation 
of  SIP  stiffness.  Each  unit  was  then  given  a 
static  tensile  test  to  failure  to  determine  Its 
residual  strength  with  the  results  summarized 
In  Table  3. 
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Fig.  18  -  Sample  response  spectrum  measured  at 
tile  center 


static  tension  can  thus  be  predicted  accurately 
using  nondestructive  sonic  testing  of  the  RSI 
before  bonding. 

Denslfled  TPS  Is  sufficiently  strong  In  all 
areas  to  withstand  expected  static  loads  during 
a  mission.  In  areas  where  dynamic  loads  pre¬ 
dominate,  however,  the  TPS  may  have  limited  life 
because  of  excessive  SIP  extension. 

The  fragile  nature  of  the  brittle  ceramic 
tile  and  Its  coating  has  renewed  Interest  In 
finding  alternative  reusable  thermal -protection 
systems.  For  example,  NASA-Ames  and  Lockheed 
have  developed  a  stronger  but  lighter  ceramic 
Insulation,  called  fiber-reinforced  ceramic 
Insulation  (FRCI). 

It  will  take  Intense  R&D  to  create  and 
fllght-quallfy  any  new  TPS  with  the  long-term 
reliability  required  for  reusable  space  trans¬ 
portation  systems.  For  the  next  several  years. 
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Table 

SPECIMEN  RESIDUAL  STRENGTH  AFTER  RANDOM  FATIGUE  TEST 


NOMINAL  MAXIMUM  DYNAMIC 

STATIC  ULTIMATE  STRENGTH 

STRESS  TEST  LFVEL 

AFTER  DYNAMIC  TESTS 

W-3  REGION  (PROOF  LEVEL 

6.4  psI 

13.6  psI 

IS  8  PSI) 

6.4 

12.6 

6.4 

11.7 

6.4 

11.0 

7.3 

14.3 

7.3 

12.0 

7.3 

11.7 

7.3 

9.0 

MF-5  REGION  (PROOF 

4.8 

15.4 

LEVEL  IS  6  PSI) 

4.8 

14.0 

4.8 

13.3 

4.8 

12.1 

5.5 

15.4 

5.5 

15.0 

5.5 

13.6 

5.5 

11.8 

All  specimens  survived  an  equivalent  of  72 
ascent  missions  and  exhibited  residual  static 
strength  greater  than  their  original  proof 
loads.  These  results  Indicate  that  the  unden- 
sifled  tiles  had  sufficient  strength  to  with¬ 
stand  ascent  loads  during  the  first  few  flights. 

CONCLUDING  REMARKS 

Recent  experiments  and  stress  analyses  have 
shown  the  original  TPS  to  have  marginal  strength 
in  many  areas  of  the  Orblter.  Modifications  of 
the  TPS,  such  as  tile  denslficatlon,  have  been 
made  to  correct  these  strength  deficiencies. 
Denslficatlon  of  the  tile  surface  brings  the 
system  static  strength  up  to  the  strength  of 
Individual  components.  The  failure  level  In 


RSI  represents  the  only  reusable  TPS  ready  for 
flight  and  even  It  requires  additional  effort  to 
Insure  that  It  will  give  the  full  100-mlsslon 
lifetime.  All  these  points  notwithstanding,  the 
ceramic  RSI  is  one  of  the  best  lightweight 
thermal  Insulators  ever  developed,  and  In 
addition  to  Its  key  role  on  the  Shuttle  Orblter 
should  find  wide  use  In  future  high  technology 
applications. 
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SHUTTLE  TILE  ENVIRONMENTS  AND  LOADS 


'r.  Ralph  J.  Muraca 
NASA  Langley  Research  Center 
Hampton,  Virginia 


INTRODUCTION 

This  paper  will  discuss  the 
Shuttle  tile  ascent  environments  and 
outline  the  procedures  used  to  convert 
these  environments  into  tile  loads. 
Testing  which  was  performed  to  quantify 
or  verify  the  loads  will  also  be  dis¬ 
cussed,  along  with  the  load  combination 
rationale  which  was  used.  The  discus¬ 
sion  of  the  ascent  environment  will  be 
limited  to  the  transonic /supersonic 
portion  of  the  mission  since  mechanical 
design  loads  occur  during  this  time, 
and  to  specific  regions  of  the  vehicle, 
in  particular  th^se  regions  in  which 
undensified  critical  (black)  tiles  are 
located. 

The  induced  environments  can  be 
broken  down  into  three  categories.  The 
first  of  these  are  aerodynamic  environ¬ 
ments.  These,  in  turn,  are  broken  down 
into  two  categories —  (1)  quasi-steady, 
which  includes  spatial  surface  pressure 
gradients,  pressure  differentials  due 
to  vent  lag,  and  skin  friction,  and 
(2)  the  unsteady  aerodynamics  (aero- 
buffet).  The  second  induced  environ¬ 
ment  is  defined  as  the  vibration  of  the 
skin-stringer  aluminum  panels  (here¬ 
after  referred  to  as  the  substrate)  due 
to  the  acoustic  environment.  The  third 
environment  is  defined  as  a  quasi- 
steady  substrate  deflection,  which 
results  from  in-plane  and  out-of-plane 
substrate  loads  (figure  1). 
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Fig.l  -  Tile  Loading'  Sources 

flow  characteristics  and  a  number  of 
parameters  which  characterize  the  tile 
installations.  The  combination  of  OML 
pressure  gradients  and  internal  flows 
produce  net  forces  and  moments  on 
individual  tiles.  The  major  efforts 
required  to  quantify  these  loads  were 
defining  the  OML  pressure  distributions 
with  sufficient  resolution,  and  devel¬ 
opment  of  a  method  for  computing  tile 
internal  flows. 


STEADY  AERODYNAMIC  LOADS 

During  ascent  static  pressure 
gradients  occur  on  the  Orbiter  outer 
mold  line  (OML)  surface.  Due  to  the 
porosity  of  the  tiles,  SIP,  and  filler 
bar,  these  gradients  set  up  complex 
flows  in  the  gaps  between  tiles  and 
through  the  tiles  themselves.  These 
flows  are  directly  related  to  the  OML 
pressure  distributions  but  their 
details  are  dependent  on  tile  and  SIP 


QUANTIFYING  TILE  OML  PRESSURE 
DISTRIBUTIONS 

Typical  wind  tunnel  data  from 
which  tile  OML  pressure  distributions 
were  derived  are  shown  on  figure  2. 
Pressure  coefficient,  Cp.  distributions 
at  two  spanwise  locations  are  plotted 
versus  chord  location.  This  data  was 
obtained  from  a  3  percent  scale  model, 
consequently,  a  typical  tile  would 
represent  an  area  approximately  0.04 


Fig.  2  -  Left  Hand  Wing  Lower  Surface  Pressure  Coefficient  Distribution 


inches  square.  Since  net  laods  are 
directly  related  to  local  pressure 
gradients,  the  primary  effort  in  defin¬ 
ing  the  environment  was  to  determine 
the  maximum  pressure  gradient  which  a 
tile  could  experience  using  the  rela¬ 
tively  sparse  model  measurements  which 
were  available.  The  approach  followed 
consisted  of  four  distinct  steps.  Test 
data  were  reviewed  to  determine  the 
existence  of  shocks.  Data  from 
acoustic  models,  static  pressure  models, 
as  well  as  oil  flow  and  Schlieren  photo¬ 
graphs  were  used  to  identify  the  major 
shock  systems  on  the  Orbiter,  and  the 
local  Mach  lumber  u;  stream  of  the 
shocks.  Knowing  the  local  Mach  number 
and  *h»  free  stream  conditions,  the 
shock  strengths  were  calculated.  A 
subjective  analysis  of  static  pressure 
measurements  was  made  to  verify  the 
calculated  shock  strengths.  The  maxi¬ 
mum  shock  gradient  wa3  determined  by 
dividing  the  shock  strength  as  measured 
by  the  pressure  jump  across  the  shock 
by  two  boundary  layer  thicknesses.  The 
use  oi  two  foundary  layer  thicknesses 
to  establish  the  maximum  gradients  was 
based  on  detailed  measurements  of  the 
static,  pressure  rise  through  a  shock 
which  were  available  in  the  literature 
[1J.  Instantaneous  pressure  measure¬ 
ments  indicate  the  steep  portion  of  the 
pressure  rise  is  spread  over  one 
boundary  layer  thickness.  However,  due 
to  shock/ boundary  layer  interaction, 
shock  motion  occurs  over  a  distance 
which  can  be  as  little  as  one  boundary 


layer  thickness  at  frequencies  between 
10  and  40  hertz.  Consequently,  the 
time  averaged  static  pressure  measure¬ 
ments  would  indicate  the  shock  pressure 
rise  occurs  over  at  least  two  boundary 
layer  thicknesses.  Shocks  have  been 
observed  to  move  over  a  distance 
greater  than  one  boundary  layer,  how¬ 
ever,  the  highest  tile  loads  result 
from  the  steeper  gradients.  Conse¬ 
quently,  it  was  assumed  that  all  vehicle 
shocks  during  transonic/supersonic 
flight  are  spread  over  two  boundary 
layer  thicknesses.  In  addition,  the 
work  of  Chapman,  Kuehn  and  Larson  [3] 
was  used  to  define  the  shock  pressure 
ratio  at  which  boundary  layer  »eparn- 
tloa  could  occur. 

The  results  of  these  analysis  were 
used  to  define  the  most  severe  pressure 
distribution  which  Individual  tiles  in 
the  regions  under  consideration  could 
experience.  't'o  eliminate  unnecessary 
conservatism,  the  vehicle  is  sub-divided 
into  aerodynamic  sub-zones  based  upon 
the  various  configuration  induced 
shocks.  The  sub-zones  defined  for  the 
Orbiter  wing  lower  surface  are  shown  in 
figure  3A,  and  the  major  shock  systems 
on  figure  3B. 
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Fig.  3A  -  Aerodynamic  Panels  Used  in  the  Definition 
of  Aerodynamic  Loading  Parameters 


STS-l  Conditions 


CHARACTERIZATION  OF  ENVIRONMENT 


IDEALIZED  SHOCK  MODEL 


For  each  sub-zone  the  induced 
steady  aerodynamic  environment  is 
described  by  the  following  parameters: 


The  pressure  coefficient 
change  through  the  shock 


The  pressure  coefficient 
change  to  the  point  of 
boundary  layer  separation 


The  pressure  coefficient 
at  the  beginning  of  the 
shock  pressure  rise 


u, ,  w2  Pressure  coefficient 
1  gradients  upstream  and 

downstream  of  the  shock 
pressure  rise 


To  determine  tile  loads  an 
idealized  shock  shown  on  figure  4  is 
used.  Most  tiles  in  the  regions  of 
interest  are  oriented  such  that  the 
surface  flow  is  along  a  diagonal.  The 
static  pressure  distribution  is  defined 
by:  The  location  of  the  foot  of  the 
shock  along  a  diagonal,  Xs;  the  pressure 
at  the  foot  of  the  shock,  Pa;  the  shock 
strength,  &P8hock*  and  the  gradients 
upstream  and  downstream  of  the  steep 
pressure  rise  through  the  shock  ug- 
The  shock  pressure  gradient  is  deter¬ 
mined  by  assuming  the  shock  is  spread 
over  two  boundary  layer  thicknesses. 
Thus,  given  the  local  boundary  layer 
thickness,  6,  the  remainder  of  the  OML 
surface  pressure  distribution  can  be 
completely  defined. 


Table  1  shows  typical  data  for  the 
elevon  induced  shock,  which  tiles  in 
sub-zone  4  ex.  erieuce. 
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TABLE  1 

Shock  Characteristics  in  Aero  Zone  L 
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Fig.  U  -  Idealised  Shock  Pressure  Distribution 


DESCRIPTION  OF  THE  MULTI-TILE  FLOW 
ANALYSIS 

The  Multi-Tile  Flow  Analysis 
i  computes  the  pressure  field  on  the 

outer  surface  of  a  tile  and  at  the  tile/ 
!  SIP  bondline,  which  result  from  a  speci¬ 

fied  OML  static  pressure  distribution 
such  as  provided  by  the  idealized  shock 
model  shown  on  figure  4. 

The  analysis  considers  a  group  of 
nine  tiles  arranged  as  shown  in  figure 
5.  Although  the  net  loads  for  the  sub- 
I  ject  tile  (tile  9)  are  of  interest,  the 

I  flow  through  all  nine  tiles  is  computed. 

Variables  such  as  tile  thickness,  tile- 
to-tile  gaps,  tile-to-f iller  bar  gaps, 
and  tile,  SIP  and  filler  bar  porosities 
are  considered  in  the  analyst.  Given 
the  OML  pressure  distribution,  flow 
through  the  tile-to-tile  gaps  is 


computed  to  determine  pressures  at  the 
bottom  of  the  gaps.  Pressure  at  the 
bottom  of  the  gap  drives  the  flow 
through  the  tiles  and  the  SIP.  When  a 
steady-state  solution  is  reached  the 
net  forces  and  moments  on  each  tile  are 
computed  and  the  tiles  are  allowed  to 
displace  until  equilibrium  is  reached 
between  external  forces  and  SIP  stress. 
Both  in-plane  (SIP  shear)  and  out-of¬ 
plane  (SIP  tension)  displacements  are 
allowed.  This  procedure  is  repeated 
accounting  for  the  effect  of  tile  dis¬ 
placement  on  flow  characteristics  until 
convergence  is  achieved.  Net  loads  are 
then  computed  by  integration  of  the 
pressure  field  around  the  tile. 
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MULTI  *T1LE  MODEL 


rig.  5  -  Multi-Tile  3-D  Flow  Model 


ANALYSIS  VERIFICATION 

The  analysis  was  verified  by  o os- 
par  i  son  with  experimental  data  Iron 
wind-tunnel  tests  under  various  condi¬ 
tions  and  with  different  tile  configu¬ 
rations.  In  each  instance  the  agreement s 
were  excellent.  Analysis  and  test 
both  indicated  that  for  undensified 
tiles  the  pressure  in  the  tiles  at  the 
bondline  was  essentially  the  same  us 
the  pressure  distribution  in  the  SIP. 
Typical  results  are  shown  in  figures  6 
through  R  and  table  2. 


ESTABLISHMENT  OF  DATA  BASE 

Since  a  shock  can  be  located 
anywhere  with  respect  to  a  tile,  the 
flow  analysis  is  made  with  the  shock 
systematically  moved  along  the  tile 
resulting  in  forces  and  moments  pre¬ 
dicted  as  a  function  of  shock  location. 
The  shock  location  is  defined  as  the 
point  where  the  steep  gradient  begins. 
Shown  in  figure  9  are  representative 
forces  and  moments  from  the  flow 
analysis.  The  net  loads  for  a  given 
external  pressure  distribution, 
although  a  function  of  21  system  vari¬ 
ables  were  found  to  be  most  sensitive 
to  tile  thickness  initial  tile-to-tile 
gaps  and  SIP  conductance.  To  insure 
that  predicted  loads  enveloped  those 


which  could  be  experienced  in 
flight,  the  data  base  warn  established 
assuming  tiles  were  installed  with 
minimum  tlle-to-tile  gaps.  Loads  were 
then  predicted  as  a  function  of  Mach 
Number,  shook  location,  tile  thickness, 
and  boundary  layer  thickness  for  each 
aerodynamle  sub-sone.  Typical  data  are 
shown  in  table  3. 


VIBROACOUSTIC  LOADS 

Vlbroaooustlo  loads  are  defined  as 
the  tile  inertia  load  caused  by  tile 
response  to  excitation  of  the  substrate 
to  which  the  tiles  are  bonded.  Sub¬ 
strate  excitation  is  due  to  the  acoustic 
environment  during  lift-off  and  ascent. 
The  approach  taken  to  quantify  vibro- 
acoustic  loads  was  as  follows.  Subscale 
vehicle  configuration  models  were  used 
to  define  the  acoustic  environments. 
Initial  estimates  of  panel  response  were 
obtained  using  data  from  the  Apollo 
Program  in  combination  with  the  measured 
Shuttle  environments.  In  some  instances 
the  panel  response  predicted  using  the 
Apollo  data  was  superceded  when  acoustic 
tests  of  full  soale  Shuttle  structural 
panels  were  completed.  Panel  and  tile 
dynamic  characteristics  were  measured 
during  these  tests.  The  measured  tile 
response  was  then  used  to  verify  a  tile 
dynamic  analysis  model  which  was  used 
to  predict  tile  response  for  the 
remainder  of  the  vehicle. 
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Fig.  6  -  Tile  Pressure  Transducer  Configuration 


115 


s 


STATION,  INCHES 

Fit.  T  -  External  Pressure  Distribution 


SSUM  MUMMY  CONBITIC 


L« 

PSIA 

_ t— « 

.AH 

IN 

PSIA 

n 

: — i  c 

wwvw 

1 

psu 

AS 

O  TEST  POINTS 


VIEW  1*1 


VIEW  A-A 
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Fig.  9  -  Tile  Normal  Force  A  Pitching  Moment  Variation  With  Shock  Location 
Wing  Sub-Zone  U  ■  0.95  STS-1  Conditions 
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TABLE  2 

Comparison  of  Measured  With  Competed  Pressures 


Tile  Bond 

Line 

Tile  Gap 

Sensor 

Measured 

Computed 

Sensor 

Measured 

Computed 

T1 

2.26 

2.18 

B1 

2.19 

2.06 

T2 

2.30 

2.29 

B2 

2.21 

2.06 

T3 

2.38 

2.41 

B3 

2.42 

2.27 

T4 

2.47 

2.55 

B4 

2.59 

2.22 

T5 

2.29 

2.26 

B5 

2.11 

2.15 

T6 

2.38 

2.38 

B6 

2.23 

2.22 

T7 

2.28 

2.25 

G1 

2.20 

2.02 

T8 

2.32 

2.37 

G2 

2.47 

2.38 

G3 

1.98 

1.93 

G4 

2.07 

1.96 

G5 

2.31 

2.01 

G6 

2.48 

2.38 

TABLE  3 

Steady  Aerodynamic  Loads  for  Sub-Zone  4,  Mw  -  .95 


Min 

.  Tile  Thickness,  t 

-.927  In. 

Max.  Tile  Thickness, 

t-1.325  in. 

.3 

6-4. 

0 

■ 

.3 

6-4. 

0 

XS/L 

FZ.LBF 

MY , IN-LBF 

FZ.LBF 

MY, IN-LBF 

FZ.LBF 

MY, IN-LBF 

FZ.LBF 

MY. IN-LBF 

ESI 

18.066 

17 . 908 

11.898 

17.731 

17.341 

14.457 

11.31 

14.70 

ESS 

27.955 

17.178 

27.528 

25.981 

25.309 

13.709 

34.36 

12.34 

0.50 

31.870 

8.908 

38.861 

15.576 

29.506 

6.653 

34.36 

12.34 

0.75 

27 . 597 

1.268 

38.597 

2.346 

25.541 

.5431 

31.61 

.939 

1.00 

21.158 

0.3631 

28.331 

-1.201 

20.092 

-.1411 

19.71 

-1.728 

ACOUSTIC  ENVIRONMENTS 


lhe  ascent  acoustic  environments 
were  obtained  from  three  separate  wind 
tunnel  test  programs.  The  final  and 
most  detailed  model  was  a  3.S  percent 
scale  model  designated  ISM.  Data  was 
obtained  for  0.6<M»<3.5  and  angles  of 
attack  and  sideslip  between  ±5  degrees. 
These  limits  are  derived  from  3c  design 
limit  trajectory  analyses.  As  with  the 
static  pressure  measurements  the 
fluctuating  pressure  measurements  were 
sparse  and  defining  the  environment  for 
a  panel  required  considerable  judgment. 
Figure  10  shows  the  instrument  location 
on  the  bottom  surface  of  the  Orbiter. 

To  establish  criteria  for  determining 
panel  response  the  following  procedure 
was  used,  envelopes  of  1/3  octave  band 
sound  pressure  levels  were  made  for 
each  measurement  location  for  all  flight 
conditions.  Typical  data  for  the  out¬ 
board  wing  area  are  shown  in  figure  11. 
The  vehicle  was  tnen  divided  into  zones 
and  a  composite  1/3  octave  band  spectrum 
for  each  zone  was  made  by  enveloping  the 
maximum  1/3  octave  band  levels 
previously  obtained  for  all  measurement 
locations  witnin  the  zone.  The  com¬ 
posite  zonal  spectra  thus  obtained 
represent  the  maximum  fluctuatiug  pres¬ 
sure  levels  expected  at  any  locations 
within  the  zone.  Table  4  shows  typical 
data  for  the  bottom  outboard  region  of 
the  Orbiter  wing. 


Fig.  10  -  Kvlite  Instrumentation  Orbiter 
Bottom  Viev 


PANEL  RESPONSE 

To  determine  panel  response 
characteristics  the  following  approach 
was  used.  Initially  Apollo  panel 
response  data  was  used  to  estimate 
Shuttle  panel  response.  These  data  were 
scaled  to  account  for  differences  in 
acoustic  environments,  structural 
characteristics,  and  panel  mass.  Using 
this  approach  panel  response  for  the 
entire  vehicle  was  predicted. 


Fig.  11  -  Sound  Pressure  Levels,  Orbiter  Lover 
Inboard  Wing  Surface  Xo  =  1370,  Yo  *  -150 
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TABLE  4  -52 

Orbiter  Wing  Bottom  SPb  Envelope  -  db  (Reference  2  x  10~  N/M  ; 


OUTBOARD  250  <  YQ  <  TIP 


1/3  OCTAVE 
FREQUENCY 

1  shock 

aeronoise 

1120  <  I0  <  1350 

13c.  cXQ<  1390 

±120  <  X  <  1390 
—  o  — 

mgwwm 

136 

136.5 

_ 

138 

140 

- 

139.5 

143 

- 

141 

146 

- 

afeMlg.'.''. .  • 

142.5 

148.5 

- 

1  5.0 

144 

150.5 

- 

14b 

152 

- 

145.5 

153.5 

- 

146 

154.5 

- 

146 

154 

- 

146 

153.5 

150 

14o 

152 

15b 

144 

151 

160 

31.  S 

143 

149.5 

160 

40 

141 

147.5 

153 

DO 

139.5 

145.5 

153 

63 

137.5 

143.5 

153 

80 

135.5 

141 

149 

100 

133 

138 

148.5 

125 

130 

135 

148 

160 

127 

131. b 

147.5 

20o 

124 

128 

147 

z50 

- 

- 

146.  b 

316 

- 

- 

146 

400 

- 

- 

145 

500 

- 

- 

144 . 5 

630 

- 

- 

144 

800 

- 

- 

143 

1000 

- 

- 

142.5 

1250 

- 

- 

142 

1600 

- 

- 

141 

2000 

- 

- 

140.5 

2500 

- 

- 

140 

3160 

- 

- 

139 

4000 

- 

- 

138 

5000 

- 

- 

137 

6300 

- 

- 

136.5 

8000 

- 

- 

135.5 

OA 

156 

163 

16b 

Figure  12  shows  overall  SPL's  and 
the  corresponding  panel  response  for 
each  zone  of  the  vehicle.  Subsequently 
full  scale  panels  representative  of 
specific  regions  of  the  vehicle  were 
subjected  to  the  previously  determined 
acoustic  environments  and  the  panel 
response  was  measured.  These  measured 
data  were  then  used  to  adjust  the  ini¬ 
tial  estimates  obtained  by  scaling  the 
Apollo  data.  Typical  results  in  the 
form  of  PSD' s  for  the  bottom  wing  out¬ 
board  area  are  shown  in  figure  13.  As 
can  be  noted  from  the  figure,  the 
adjusted  vibration  levels  do  not  enve¬ 
lope  ail  of  the  measured  narrow  band 
peaks.  This  is  justified  for  the 
following  reason.  By  definition  vibro- 


acoustic  loads  are  due  to  panel  response 
exciting  the  tiles.  Due  to  the  high 
damping  in  the  tile/SIP  system  the  tile 
response  occurs  over  a  fairly  wide 
frequency  range.  It  was  felt  that 
enveloping  all  narrow  band  peaks  was  not 
necessary  as  long  as  acceleration 
levels  and  bandwidth  were  such  that  the 
rms  acceleration  values  were  matched. 

In  defining  a  vibration  environ¬ 
ment,  differentiation  was  made  between 
unloaded  skin/stringer  response  and 
skin-stringer  response  when  attached  to 
major  elements  of  support  structure. 
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Fig.  12  -  Orbiter  Acoustic  &  Vibration  Levels  -  Ascent 


Numerous  tests  indicated  that  the 
SIP  caused  coupling  between  out-of¬ 
plane  and  in-plane  response  to  a  base 
excitation.  Measurements  from  a  test 
panel  of  the  forward  fuselage  region 
indicated  the  ratio  of  out -of -plane  to 
in-plane  acceleration  response  could  be 
as  high  as  0.3.  Consequently  an  in¬ 
plane  inertia  load  of  0.3  of  the  out- 
of -plane  inertia  load  was  applied  to 
each  tile.  Test  results  also  indicated 
that  the  in-plane  and  out-of-plane 
responses  were  in  phase.  Figure  14 
shows  typical  test  results.  These  data 
also  verified  the  use  of  a  factor  of 
three  on  rms  values  to  obtain  tile 
response  with  a  probability  of 
exceedance  of  0.0013. 


EFFECT  OF  SHOCK  LOCATION 


Fig.  13  -  Test  DA35>  Wing  Structural  Response 
(Skin/Frame  Junction) 


TILE  INERTIA  LOADS 

The  tile  inertia  loads  were 
determined  by  assuming  the  tile/SIP 
systems  could  be  represented  by  a 
single-degree-of-freedom  spring  mass 
damper  system.  The  transfer  function 
for  such  a  system  was  used  to  compute 
tile  response  spectra  for  a  given  panel 
input  spectra.  SIP  dynamic  modulus  and 
damping  ratio  were  obtained  from  test. 
The  results  from  this  analysis  were 
used  to  map  the  entire  vehicle  .  A 
data  base  of  tile  response  in  terms  of 
peak  (3o)  acceleration  in  g's  was  gene¬ 
rated  as  a  function  of  tile  thickness, 
tile  location  with  respect  to  spars, 
ribs,  and  frames,  and  flight  Mach 
Number.  Typical  data  is  shown  in  table 
5. 


Figure  15  schematically  shows  the 
design  load  case  for  tiles,  i.e.,  a 
shock  located  essentially  over  the  tile. 
It  was  postulated  that  the  location  of 
the  shock  with  respect  to  the  ribs, 
spars,  and  frames  would  effect  the 
panel  response.  For  a  shock  located  at 
the  front  of  a  panel,  the  total  panel 
area  would  be  subjected  to  the  shock 
generated  fluctuating  pressures.  If  a 
shock  were  located  at  the  mid-point  of 
a  panel,  the  area  of  the  panel  subjected 
to  intense  fluctuating  pressures  would 
be  reduced,  consequently,  the  panel 
response  could  be  expected  to  be  lower. 
Since  the  tests  upon  which  tile  inertia 
loads  were  based  subjected  the  full 
panel  to  acoustic  loads,  it  was  deemed 
proper  to  attenuate  the  tile  response 
as  a  function  of  shock  location  on  the 
substrate  panels.  The  tile  inertia 
loads  were  assumed  to  decrease  linearly 
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ACCELERATION  Gt 


TABLE  5 

Peak  (3o)  Tile  Response  to  Panel  Vibration 
6"  x  6"  Tiles  on  Unsupported  Skin  Panel 


Tile  Thickness,  Inches 


Mach 

Number 

1.0 

1.25 

1.5 

1.75 

2.0 

2.25 

0 

61 

57 

55 

53 

50 

49 

.9 

59.5 

59 

58 

57 

56 

55 

1.25 

75 

74 

73 

72 

71 

69 

1.4 

75 

75 

_ i— j 

73 

72 

71 

69 
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Fig.  15  -  Tile  Design  Case 

as  the  shock  location  was  moved  across 
the  panel.  The  relationship  used  was 

g  (effective)  =  g3(J  (1  -0.5  XB/lp). 


BUFFET  LOADS 

Buffet  loads  consist  of  net  forces 
and  moments  resulting  from  differences 
in  fluctuating  pressures  at  the  tile 
surface  and  at  the  tile/SIP  bondline. 

The  fluctuating  pressures  result  from 
separated  boundary  layers  which  occur 
around  protuberances  and  in  the  vicinity 
of  shocks.  The  basic  environment  was 
defined  from  wind  tunnel  model  tests  in 
which  the  fluctuating  pressures  were 
measured  and  from  larger  full-scale 
tests  which  simulated  local  flow  condi¬ 
tions  around  flaps  and  other  major 
protuberances  which  produce  shocks. 

The  procedure  by  which  these  fluctu¬ 
ating  pressure  environments  were 
converted  to  tile  loads  was  based  on 
data  from  a  series  of  tests  in  which 
individual  tiles  were  instrumented  to 


Fig.  Ik  -  Tile  Response  To 
Substrate  Vibration 
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directly  measure  tile  loads  due  to  a 
known  environment.  Basically  the 
parameters  which  were  generated  were 
RMS  values  and  peak  to  RMS  ratios  of 
normal  force  and  pitching  and  rolling 
moment.  The  magnitudes  of  these  loads 
were  determined  as  a  function  of  the 
shock  location  on  the  tile.  The  results 
from  this  empirical  model  were  corre¬ 
lated  with  a  second  set  of  measurements 
which  were  obtained  from  wind  tunnel 
tests  performed  in  the  LaRC  8-Foot 
Transonic  Pressure  Tunnel.  These  tests 
subjected  flight  configured  panels  to 
the  STS-1  combined  loads  environment , 
and  are  discussed  in  detail  in  the 
paper  by  Schuetz,  Pinson  and  Thornton 
[31. 


Buffet  environments  and  loads  are 
discussed  in  detail  in  the  paper  by 
C.  Coe  [4]  and  will  not  be  discussed  at 
length  in  this  paper.  Measured  values 
of  rms  buffet  normal  force  and  pitching 
moment  coefficients  are  shown  on  figure 
16  as  a  function  of  shock  location. 
Typical  vehicle  environments  for  aero 
sub-zone  4  are  shown  in  table  6. 


TABLE  6 

RMS  Fluctuating  Pressure 
Coefficient  Aero  Zone  4 


MACH  NO. 

Cp 

*PMS 

Shock 

Separat ion 

.6 

0 

0 

.8 

.072 

.067 

.9 

.100 

.055 

.95 

.11 

.054 

1.05 

.063 

.052 

1.1 

.073 

.052 

1.15 

.062 

.052 

1.25 

.070 

.040 

1.4 

.062 

.047 

1.55 

.043 

.048 

1.8 

.048 

.057 

2.5 

0 

.053 

3.5 

0 

0 

OS-52  AEROBUTO  TEST  DATA 
CLrmj  AND  CMrmj  v*  SHOCK  LOCATION  ON  TILE 


Fig.  l6  -  Aerobuffet  Normal  Force  &  Pitching  Moment  Coefficient 
Variation  With  Shock  Location 


SUBSTRATE  DEFORMATION 

Deformation  of  the  substrate  to 
which  the  tiles  are  bonded  produces  a 
stress  at  the  tile/SIP  bondline. 
Substrate  deformations  result  from 
initial  structural  imperfections  which 
become  amplified  as  in-plane  and  out-of¬ 
plane  pressures  differentials  are 
applied  to  the  structure  during  ascent. 

Substrate  deformations  were 
quantified  through  analysis.  Detailed 


finite  element  models  of  the  vehicle 
structure  were  generated.  Assuming 
initial  imperfections,  loads  were 
applied  representative  of  a  wide  range 
of  dispersed  trajectories.  For  each 
load  set,  the  maximum  substrate  defor¬ 
mation  and  its  characteristic  wave¬ 
length  were  computed.  The  vehicle  was 
then  subdivided  into  a  number  of  zones 
and  the  maximum  substrate  deformation 
for  all  load  conditions  for  any  location 
within  the  zones  was  determined.  This 
value  of  substrate  deformation  and  its 
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associated  wavelength  were  then  assumed 
to  be  applicable  for  all  tiles  within 
that  zone,  and  were  considered  as  the 
steady  state  components  of  substrate 
deformation.  Typical  values  for  the 
wing  lower  surface  are  shown  in  figure 
17.  A  dynamic  component  of  substrate 
deformation  resulted  from  vibration  of 
the  substrate.  Magnitudes  and  wave¬ 
lengths  for  these  dynamic  components  of 
deformation  were  also  derived  from  the 
same  analysis  which  defined  the  sub¬ 
strate  vibration  levels  discussed  under 
the  section  on  vibroacoust ic  loads. 

The  wavelengths  for  dynamic  components 
of  substrate  deformation  were  deter¬ 
mined  on  the  basis  of  the  spaciig  of 
major  frames,  ribs  and  spars.  They 
tended  to  be  much  longer  than  those 
associated  with  the  static  deformation, 
consequently  they  made  relatively  small 
contributions  to  the  tile  bondline 
stresses. 


Fig.  17  -  Substrate  Deformation  Map  for  Wing 
Lover  Surface  Envelope  of  Ascent  Conditions 


LOADS  COMBINATION 

Since  the  tile/SIP  system  is  highly 
nonlinear,  it  was  necessary  to  develop 
an  approach  for  combining  the  various 
static  and  dynamic  loads.  This  required 
that  where  enough  definition  was  avail¬ 
able,  loads  had  to  be  referenced  to  a 
common  parameter.  Vehicle  free  stream 
Mach  Number  was  selected  as  the  most 


appropriate  parameter.  In  general,  all 
steady  or  quasi-steady  loads  components 
were  added  directly.  Unsteady  or 
dynamic  loads  were  combined  statis¬ 
tically  and  then  added  directly  to  the 
steady  loads.  The  relationships  used 
to  combine  loads  are: 

For  Normal  Force: 

F*  "  Fsa  +  Fvl  1  V*  +  (Kva  Fva)2 

For  Pitching  Moment  About  the  Y  Axis: 

“y  "  Msa  +  Msf  *  ^  V2  +  (0<3  1  Kva  Fva)2 

In  these  expressions  F  and  F  are 

8a  va 

contributions  due  to  steady  aerodynamics 
and  vent  lag  respectively.  F  and  F 
are  dynamic  contributions  duetto  aerX- 
buffet  and  vibroacoustic.  The  factors 

K.  and  K  are  used  in  conjunction  with 
o  va 

rms  values  of  dynamic  force  and  moment 
to  yield  total  forces  and  moments  with 
a  probability  of  exceedance  of  0.0013. 
For  vibroacoustic  terms  the  factor  used 
was  3.0,  for  buffet  the  factor  was  4.0. 
These  were  derived  from  test,  m  and 
Msf  are  contributions  due  to  steacty 
aerodynamics  and  skin  friction.  Z  is 
the  distance  from  the  center  of  gravity 
of  a  tile  to  the  bondline.  A  number  of 
issues  were  identified  with  regard  to 
treatment  of  the  dynamic  load  terms. 

One  involved  whether  the  normal  force 
and  pitching  moment  due  to  buffet  were 
in  phase.  An  analysis  of  the  previously 
cited  wind  tunnel  test  data  indicated 
that  buffet  forces  and  moments  were 
highly  correlated  and  that  it  would  be 
proper  to  assume  they  act  simultaneously 
on  the  tiles.  These  results  are  shown 
on  figure  18. 

A  second  issue  involved  the  manner 
in  which  vibroacoustic  and  buffet  loads 
were  combined.  Since  the  environment 
which  produces  both  loads  is  the  same, 
it  was  obvious  that  these  loads  should 
be  applied  to  the  tiles  at  the  same 
time.  However,  an  analysis  of  the 
spectra  for  buffet  energy  indicated 
that  it  was  concentrated  at  relatively 
low  frequencies  (up  to  100  Hz)  whereas 
tile  response  to  substrate  vibration 
extended  from  about  60  Hz  up  to  about 
300  Hz.  Consequently  it  was  frit  that 
a  direct  combination  of  buffet  and 
vibroacoustic  loads  would  be  overly 
conservative,  thus  the  decision  to 
root-sum-quare  dynamic  loads. 
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PHASE  ANALYSIS  OF  AEROBUFFET  PEAK  NORMAL  FORCE 
AND  PITCHING  MOMENT 


NORMAL  FORCE 


.X-AXIS 


Y-AXIS 


PITCHING  MOMENT 


CORRELATION  OF  PEAKS 


Fig.  18  -  Phase  Analysis  of  Aerobuffet  Peak  Normal  Force 
And  Pitching  Moment 


TOTAL  SUBSTRATE  DEFORMATION 

A  total  substrate  deformation  was 
determined  by  direct  addition  of  the 
static  and  dynamic  components.  The 
relationship  used  for  total  deflection 
is: 

A  =  (A  cos  fl  tt  cos  H  *£■  )  + 

t1  l2  oop 

K  (A  cos  IT  t  cos  II  ) 
va  4g  va 

where  both  components  of  deformation 
were  defined  as  double  cosine  curves  in 
directions  along  each  diagonal  of  the 
tile.  In  this  expression  A,  l  and  £g 
are  the  amplitude  of  the  deflection  and 
its  wavelength  in  the  x  and  y  directions 
for  either  steady  state  out-of-plane 
(oop)  deflection  or  the  vibroacoustic 
deflection. 


was  arbitrarily  adjusted  until  the 
stresses  were  maximized.  A  typical 
set  of  design  loads  for  three  regions 
of  the  vehicle  are  shown  on  table  7. 


SUMMARY 

The  STS-1  ascent  environments  were 
defined.  Induced  loads  due  to  these 
environments  were  determined  and  models 
used  to  quantify  these  loads  were 
validated.  Issues  related  to  the  manner 
in  which  these  loads  combine  during  the 
ascent  portion  of  the  mission  were  re¬ 
solved  by  test.  A  data  base  was 
created  which  allowed  the  loads  for 
over  3000  undensified  critical  tiles  to 
be  determined.  These  loads  were 
ultimately  used  to  calculate  maximum 
tile  stresses  during  ascent  and  safety 
margins  for  the  STS-1  mission. 


DETERMINATION  OF  DESIGN  LOADS 

The  design  load  set  was  defined  as 
the  combination  of  force,  moment,  and 
substrate  deflection  which  produced  the 
maximum  stress  at  the  tile/SIP  bondline 
To  determine  this  load  set  the  location 
of  the  shock  relative  to  the  substrate 
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TABLE  7 

Typical  Design  Loads  for  Tiles  Located  On  the 
Orbiter  Wing  and  Fuselage 


Tile  Part 
Number 

Steady  Aero 

Vibroacoustic 

Buffet 

Force 

Moment 

Force 

Moment 

Moment 

W3-191 010147 

16.0 

7.6 

8.3 

1.8 

11.2 

15.7 

MF6-394 020277 

20.4 

11.6 

10.8 

3.2 

10.2 

14.3 

MF6-394 036082 

15.8 

6.7 

16.4 

4.0 

10.1 

14.2 
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DYNAMIC  AND  STATIC  MODELING  OF  THE  SHUTTLE 
ORBITER'S  THERMAL  PROTECTION  SYSTEM 


J.  M.  Housnar,  G.  L.  Giles,  end  M.  Valias 
NASA  Langley  Research  Center 
Hampton,  Virginia 


This  paper  describes  the  dynamic  and  static  analysis 
methods  used  to  model  the  nonlinear  structural 
behavior  of  the  Shuttle  Orbiter's  tile/pad  thermal 
protection  system.  The  structural  evaluation  of  the 
tile/pad  system  is  complicated  by  the  nonlinear 
stiffening,  hysteresis  and  viscosity  exhibited  by 
the  pad  material.  Application  of  the  analysis  to 
|  square  tiles  subject  to  sinusoidal  and  random  exci- 
|  tation  is  presented  along  with  appropriate  test 
I  data  and  correlation  is  considered  good.  In  order 
to  treat  the  stress  analysis  of  thousands  of  indi¬ 
vidual  tiles  a  nonlinear  static  analysis  was 
developed  which  utilises  equivalent  static  loads 
derived  from  the  dynamic  environment.  Using  a 
developed  automated  data  management/analysis  system 
the  critical  tensile  stress  at  the  bondline  is 
examined  in  thousands  of  unique  tiles  in  a  timely, 
reliable  and  efficient  manner. 


NOMENCLATURE 


*P 

czx'czy 

cx,cy'cz 

Ed 


®k 


Enx'Ezy,Ezz 

(F) 


G  ,G 
xx'  yy 


hp,ht 


tile/pad  contact  area 

vertical-lateral  coupling 
terms  in  pad  material 
property  law,  see  Eq.  (7) 
damping  coefficients, 
see  Eqs.  (6) 

energy  dissipated  by  the 
pad  per  cycle  of  steady- 
state  motion 
peak  kinetic  energy  of 
tile  during  steady- state 
motion 

components  of  Green  strain 
tensor 

applied  tile  force  vector, 
see  Eq.  (8) 

applied  tile  centroidal 
forces  in  x  and  y 
directions,  respectively 
transverse  shear  stiffnes¬ 
ses  of  pad,  in  x  and 
y  directions,  respec¬ 
tively,  see  Eq.  (7) 
pad  and  tile  thicknesses, 
respectively 


*x'VKs 


MX,My 

[M] 


V'Js 

<q> 

(Q) 


Sxx,Sxy'Syy) 
fzx'fzy'fzzj 
szx,szy 'szz 


effective  stiffness  coef¬ 
ficients  in  nonlinear 
viscous  damping  law, 
see  Eq.  (6) 

tile  mass 

applied  moments  about  x 
and  y  axes,  respectively 

system  mass  matrix,  see 
Eq.  (8) 

applied  tile  centroidal 
normal  force  in  z  direc¬ 
tion 

damping  law  exponents, 
see  Eq.  (6) 

vector  of  tile  displace¬ 
ment  components ,  see 
Eq.  (8) 

vector  of  internal  pad 
stress  resultants,  see 
Eq.  (8) 

tile  radii  of  gyration 
about  x,  y,  and  z 
axes ,  respectively 

Kirchhoff  stress  components 

steady-state  time  averaged 
Kirchhoff  stress  com¬ 
ponents 
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t 

time 

T 

o 

applied  tile  torque  about 

t  axis 

u,  v,w 

displacement  components  in 
x,  y,  and  s  direc¬ 
tions,  respectively 

u-.v.w0 

values  of  u,  v,  and  w 

o  o  o 

at  tile  centroid, 
respectively 

W*s 

components  of  substrate 
displacements  in  x, 
y,  and  s  directions, 
respectively 

vp 

undeformed  pad  volume 

tile  rotation  about 

x  y 

x,  y,  and  x  directions, 
respectively 

s' 

s  +  ht/2  +  hp 

ex'BV 

average  linear  pad  rota¬ 

x  y 

tions,  see  Eq.  (8) 

e 

linear  transverse  strain 
component,  see  Eq.  (8) 

linear  shear  strain  com¬ 

x  y 

ponents,  see  Eq.  (8) 

n 

loss  factor  defined  in 

Eq.  (10) 

e 

rotation  about  s  axis 

°a 

uniform  applied  normal 
stress 

°iz'asx'°ay 

Euler  stress  components 

Ta 

applied  uniform  shear 

stress 

V"s 

low-amplitude  steady-state 
transverse  and  lateral 
resonant  frequencies 
about  fixed  normal  and 
shear  prestress  states, 
respectively 

ft 

frequency  of  sinusoidal 
substrate  motion 

ftr 

reference  frequency 

C 

coefficient  of  nonlinear 
viscous  damper ,  see 

Eq.  (6) 

Subscripts  and  Superscripts 


D 

strain-rate  dependent 
stresses 

I 

strain-rate  independent 
stresses 

o 

tile  centroid 

P 

pad 

s 

substrate 

(•) 

3(  )/3t 

INTRODUCTION 

The  Space  Shuttle  Orbiter  thermal 
protection  system  consists  o£  over 
32,000  ceramic  tiles  bonded  to  thin  nylon 
felt  pads,  known  as  strain  isolator  pads, 
which  are  composed  of  thousands  of 
intertwined  nylon  filaments  [1].  The 
pads,  in  turn,  are  bonded  to  the 


aluminum  skin  of  the  Shuttle  Orbiter. 
During  a  mission,  tile/pad  combinations 
experience  dynamic  loads  arising  from 
acoustics,  structural  vibrations,  and 
aerodynamic  pressure  gradients  [2]. 

Thus,  the  pad  experiences  motion  of  vary¬ 
ing  magnitudes  and  frequencies.  Experi¬ 
ments  [3]  have  shown  that  as  the  pad  ia 
cyclically  loaded  and  unloaded,  hyster¬ 
esis  loops  occur  in  the  stress-strain 
behavior  of  the  material.  Furthermore, 
these  loops  creep  as  a  function  of  stress 
level  and  number  of  cycles.  The  creep 
of  the  loops  eventually  becomes  very 
small  with  each  additional  cycle,  but  its 
effect  is  to  produce  a  highly  nonlinear 
hardening  pad  material  which  is  quite 
soft  at  low  stress  levels  and  consider¬ 
ably  stiffer  at  higher  stress  levels. 

In  addition,  the  hardened  material 
exhibits  both  coulomb  and  nonlinear 
viscous  damping. 

The  integrity  of  the  aystom  has  bean 
shown  to  be  dependent  upon  the  tensile 
stress  near  the  Interface  between  the 
pad  and  the  tile  [1]  and  when  nonlinear 
effects  are  included  in  the  analysis, 
predicted  values  of  this  stress  may  be 
significantly  higher  than  those  predicted 
by  a  linear  analysis  [4-6]. 

The  purpose  of  this  paper  is  to  pre¬ 
sent  a  synopsis  of  the  dynamic  and 
static  analyses  used  for  the  thermal 
protection  system  when  nonlinear  effects 
are  accounted  for.  Since  the  system  is 
subjected  to  time  varying  loads,  a 
dynamic  analysis  is  most  appropriate  and 
such  an  analysis  is  reviewed  in  the 
paper.  However,  in  order  to  treat 
thousands  of  individual  tiles,  a  static 
analysis  [7-9]  which  uses  equivalent 
static  loads  derived  from  the  dynamic 
environment,  as  described  in  Ref.  [2], 
is  more  feasible.  Thus  a  dynamic  analy¬ 
sis  is  established  and  used  to  acquire 
a  general  understanding  of  the  system 
while  tho  static  analysis  is  used  for 
acquiring  specific  information  on 
individual  tiles.  The  assumptions  of  the 
dynamic  analysis  are  first  outlined  and 
the  governing  equations  are  established 
from  energy  principles  for  large  deforma¬ 
tions  and  nonlinear  pad  behavior  while 
allowing  for  hysteretic  and  nonlinear 
viscous  damping  in  the  pad.  Only  the 
essentials  of  the  analytical  development 
are  given,  while  details  are  left  to 
Refs.  [4]  through  [6].  Confidence  in  the 
dynamic  analysis  is  gained  by  comparison 
with  sinusoidal  and  random  excitation 
tests  and  results  are  presented  which 
provide  insight  into  the  general  dynamic 
behavior  of  the  system. 

The  static  analysis  is  central  to 
an  automated  analysis  and  data  management 
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system  which  permits  efficient  and 
reliable  handling  of  geometry,  loads  and 
material  property  data.  These  data  are 
unique  for  each  of  thousands  of  tiles. 
Thus,  scope,  capabilities,  procedure, 
and  typical  results  of  the  automated 
static  analyais/data  management  system 
are  described.  The  impact  of  these 
analyses  on  the  Shuttle  project  is  then 
summarised. 


DYNAMIC  ANALYSIS 

Dynamic  Model  Configuration 

As  shown  in  Fig.  1,  the  ceramic 
tiles  of  the  Space  shuttle  Orbiter 
thermal  protection  system  are  bonded  to 
the  aluminum  skin  of  the  Orbiter  (sub¬ 
strate)  through  a  thin  nylon  strain 
isolation  pad.  The  pad  is  bonded  to  the 
tile  over  most  of  the  tile's  lower  sur¬ 
face.  However,  around  the  perimeter  of 
the  tile  there  exists  a  separate  strip 
of  the  pad  material  denoted  aa  the 
filler  bar.  To  enhance  venting  of 
entrapped  air  in  the  porous  material  of 
the  system,  the  filler  bar  is  bonded 
only  to  the  substrate  and  not  the  tile. 
Further  details  as  to  the  system  con¬ 
struction  may  be  found  in  Ref.  [1]. 

Loads 

The  dynamic  analysis  treats  three 
or  four  sided  tiles  subject  to  dynamic 
forces  and  moments  which  are  assumed  to 
be  known  as  time  histories.  The  histo¬ 
ries  may  be  provided  directly  from  tests 
or  if  power  spectral  densities  are 
known,  time  histories  may  be  derived 
from  random  number  generators.  In 
addition  to  the  applied  tile  forces  and 
moments,  the  system  is  also  subject  to 
static  substrate  deflections  or  sub¬ 
strate  oscillations  wherein  the  sub¬ 
strate  may  oscillate  flexurally  or  as  a 
rigid  body.  The  substrate  motions  are 
also  assumed  to  be  known  or  derivable 
as  time  histories. 

Tile  Behavior 

It  is  assumed  that  the  tile  behaves 
as  a  rigid  body.  This  is  confirmed  by 
comparing  the  results  of  two  static 
analyses,  one  in  which  the  tile  is 
modeled  with  flexible  finite  elements 
and  one  in  which  the  tile  is  assumed 
rigid  [10].  Both  rigid  and  flexible 
models  of  different  thickness  tile  rest 
on  the  nonlinear  pad  and  are  subjected 
to  different  combinations  of  forces  and 
moments.  For  the  case  of  uniform  pres¬ 
sure,  Fig.  2  displays  the  flexible-to- 
rigid  interface  stress  ratio  which  is 


seen  to  vary  with  the  magnitude  of 
uniform  pressure  due  to  the  material 
nonlinearity  of  the  pad.  Sven  for 
1.2/  cm  (half  inch)  thick  tiles,  the 
error  due  to  a  rigid  tile  assumption  ia 
leas  than  4  percent,  well  within  engi¬ 
neering  tolerance.  Similar  findings 
for  other  loading  states  lead  to  the 
same  conclusion  [10], 

Pad  Material  Properties 

Conditioning.-  Material  property 
tests  [3,  li J  were  conducted  in  which 
the  pad  was  slowly  loaded  in  tension, 
compression,  or  shear  on  its  surface 
normal  to  the  s-axis.  These  tests 
revealed,  as  displayed  in  Figs.  3(a)  and 
3(b)  that  under  cyclic  loading  of  a 
prescribed  amplitude  the  pad  exhibits 
hysteretic  behavior.  Under  slow  cyclic 
loading  the  hysteresis  loops  cxeep  as 
a  function  of  load  amplitude  and  number 
of  cycles.  Aa  is  the  case  with  many 
materials,  the  primary  creep  r.  -t«  in 
which  the  creep  is  rapid,  is  followed 
by  a  secondary  range  in  which  the  creep 
is  much  slower.  Hence,  the  creep  of 
the  loop  eventually  becomes  very  small 
with  additional  load  cycles  of  the  same 
or  lower  amplitude.  This  process  which 
produces  a  quasi-stabilised  material  is 
referred  to  as  "conditioning."  The 
hysteresis  loop  formed  by  the  condition¬ 
ing  load  cycles  is  referred  to  as  the 
leap  "envelope."  Provided  each  point 
in  the  pad  has  not  experienced  a  load 
amplitude  higher  than  the  one  conditioned 
at,  it  appears  that  the  creep  of  the 
hysteresis  loops  can  be  safely  neglected 
during  a  short  time  analysis.  Hence, 
it  is  assumed  that  the  pad  material  has 
been  conditioned  at  a  load  amplitude 
which  is  not  exceeded  during  the  period 
of  time  to  be  analysed.  Analytical 
responses  of  the  system  have  indicated 
that  the  system  is  not  very  sensitive 
to  small  additional  creeping.  As  a 
consequence  of  this  assumption,  the 
analysis  may  be  carried  out  over  a  small 
period  of  time  (e.g.,  a  few  hundred 
cycles)  and  then  restarted  using  material 
property  data  corresponding  to  additional 
cycles  at  the  calculated  stress  ampli¬ 
tudes  which  meet  or  exceed  the  condition¬ 
ing  amplitude. 

A  typical  envelope  resulting  from 
slow  cyclic  loading  is  shown  in  Fig.  4(a). 
Also  shown  are  typical  loading  and  un¬ 
loading  paths  from  different  stress- 
strain  states  within  <«ad  on  the  enve¬ 
lopes.  Similar  curves  can  be  established 
for  shear  cycles  [11].  These  loading/ 
unloading  curves  are  valid  at  each  point 
in  the  pad.  However,  since  the  loading/ 
unloading  history  at  each  point  in  the 


129 


pod  My  bo  different,  tho  poth  being 
traced  at  any  time  My  differ  throughout 
tho  pad. 

Based  on  tha  obaorvationa  of  pad 
behavior,  it  is  further  assumsd  that 
under  alow  rate  and  irreapectlve  of 
loading  or  unloading  path,  the  pad 
strain-rate  independent  state  cannot  lie 
outside  of  the  envelope  and  that  within 
the  envelope  loading/unloading  paths  My 
be  curve  fitted  by  appropriate  sealing 
and  translation  of  portions  of  the 
envelope*  However,  as  discussed  later, 
the  presence  of  high  loading  rate 
effects  allows  the  total  stress-strain 
state  to  lie  outside  the  envelope. 

Based  on  measured  data,  empirical 
rules  are  established  which  allow  the 
load  paths  traced  by  the  stress-strain 
history  of  each  point  in  the  pad  to  be 
followed.  For  computer  solution, 
appropriate  routines  are  established 
which  perform  the  necessary  logic  deci¬ 
sions  and  bookkeeping  for  tracing  these 
paths.  Details  are  provided  in  Ref.  [5], 

Stress  and  Strain  Formulation.-  In 
order  to  account  for  the  large  strains 
associated  with  the  pad,  it  is  conve¬ 
nient  to  introduce  the  Kirchhoff  stress 
components  Si-»  and  Green  strain  com¬ 
ponents  Eij  [12].  The  Green  strain 
components  in  the  pad  are  calculated 
from  the  rigid  body  motions  of  the  tile 
as 


*  <w0  +  *ax  *  xay  ~  ws,/hp 

+  (1/2)  <uQ  -  htOy/2  -  ye  -  V2*p2 
+  (1/2)  <vQ  +  hta  /2  +  xe  -  v8)2/hp2 
+  (1/2) (wQ  +  yax  -  xay  -  wB)2/hp2 

2E*x  *  (uo  ’  htay/2  "  ye  "  °«)/hP 

+  (l/2)e(vQ  +  h^j/2  +  x6  -  vB)/hp 

+  (1/2)  Ow8/3x  -  ay)  [l 

+  <wo  +  yax  -  xay  -  wa)/hg] 


2*ty  ■  (vc  ♦  htax/2  +  x«  -  v8)/hp 

-  (i/2)e(uQ  -  httty/a  -  ye  -  uB)*p 

♦  (l/a>(»w#/ay  +  aK)  [l 

♦  <w0  ♦  yax  -  xay  -  wt)/hj 


*xx  “  Eyy  “  Kxy  “  0 

where  the  displeceMnt  components  of  any 
point  in  the  pad  are  assumed  to  be 
related  to  the  rigio  body  tile  and  sub¬ 
strate  motion  by 


“p  ■  («o  “  ht“/2  -  yo  -  «t)«vhp  +  u8 


vp  "  (vo  +  W2  +  xe  ■  V8,/hp  +  vs 


Wp  -  (wQ  +  yox  -  xoy  -  w8)s'/hp  +  wB 

(2) 


The  Kirchhoff  pad  stresses,  Sj4,'are 
related  to  the  actual  (or  KulerJ  pad 
stress,  c^j,  by 

c°]  -  3srr3r[JKsKJ3T  (3) 

where 


Hi 


£ 


$  a» 
£ 


For  example,  in  the  case  of  an  applied 
uniform  pressure,  oa,  one  has 


Sss  "  °a/(1  +  W  (4) 

with  all  other  Kirchhoff  stress  com¬ 
ponents  vanishing,  and  for  an  applied 
uniform  shear,  ta,  parallel  to  the 
x  axis 
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and  all  othar  Kirchhoff  atraaa  components 
vanishing. 

Energy  Diaa icat ion . -  Tha  hyataraaia 
loops  aaaociatad  with  pad  cyclic  loading 
involve  anargy  diaaipation  which  may  ba 
dua  to  atatic  coulomb  frictional  daaping 
which  ia  strain-rate  independent.  This 
is  physically  reasonable  since  pad  fila¬ 
ments  are  sliding  over  one  another 
during  loading  or  unloading.  However* 
it  is  known  that  for  a  driven  linear 
spring/mass/damper  ay  a  tan,  the  energy 
dissipation  due  to  couloab  damping  ia 
not  sufficient  to  produoe  bounded 
oscillations  at  resonant  frequen¬ 
cies  [13].  Inasmuch  as  physical  oscil¬ 
lations  are  always  bounded*  it  would 
appear  reasonable  to  postulate  an  addi¬ 
tional  energy  dissipation  mechanism 
which  is  strain-rate  dependent.  Thus, 
it  io  assumed  that  the  pad  stress  com¬ 
ponents  are  the  algebraxc  sum  of  strain- 
rate  independent  and  strain-rate  depen¬ 
dent  components  as  schematically 
depicted  in  Figs.  4(a)  and  4(b)  for 
the  normal  pad  stress,  o.  The  relative 
amount  of  energy  dissipated  by  each 
mechanism  is  addressed  in  a  subsequent 
section.  The  strain-rate  dependent 
component  ia  modeled  using  a  nonlinear 
viscous  damper  where  the  strain-rate 
dependent  stress  components  are  given 
by 

SJ*  -  c*hpi«xlai,E.s/nriq8"1/Ap 

Ssy*  "  CyhpE«y I 2wBsy^flr I  *p 

s«  -  c.hp®«.l2*B../Qr|qn  1/Ap 

(6) 

where  Or  is  •  fixed  reference  frequen¬ 
cy!  qn  and  qB  are  damping  parameter 
exponents  determined  from  teat?  and 
Cx,  Cy,  and  CB  are  assumed  to  be  pro¬ 
portional  to  an  effective  dynamic  stiff¬ 
ness  such  that 

cr,  *  2Kx^s^r 

Cy  -  2^^ 

cr  -  2KiV°r 

in  which  ;n  and  t8  are  dimensionless 
damping  parameters  determined  from 
tests.  Due  to  the  coulomb  frictional 
forces  present  in  the  pad*  the  pad 
stiffness  properties  are  discontinuous 


at  tha  strain-rate  reversals  that  occur 
during  cyclic  motion.  Hence*  it  is 
reasonable  to  define  Kx>  Ry,  and  R» 
aa  effective  dynamic  stiffnesses  which 
are  stress  dependent!  that  is* 


where  un  and  uB  are  low  amplitude 
resonant  frequencies  about  mean  atraaa 
levels*  9BB*  I|X*  SBy*  of  the 
fluctuating  components  of  pad  stress. 

Tha  frequencies  wn  and  uB  may  be 
determined  on  the  baaia  of  low  amplitude 
sinusoidal  normal  and  shear  testa, 
respectively,  about  pr eatress  conditions 
in  tha  pad.  Furthermore*  it  is  con¬ 
venient  to  select  the  reference  fre¬ 
quency,  0r,  equal  to  tha  vertical  low 
amplitude  resonant  frequency  about  a 
taro  mean  streas  level  in  an  actual 
tile/pad  system* 

nr  * 

Vertical-Lateral  Coupling.-  Pad 
property  basis  have  revealed  a  coupling 
between  vertical  and  lateral  motions  of 
the  tile  on  the  pad  [11].  The  coupling 
occurs  as  a  consequence  of  two  mechanisms 
as  depicted  schematically  in  Fig.  5. 

One  of  these  mechanisms  ia  geometric 
while  the  other  is  due  to  tha  anisotropic 
nature  of  the  pad's  manufacture.  The 
geometric  coupling  is  due  to  the  pad 
filaments  shearing  laterally  and  giving 
rise  to  *  negative  vertical  tile  motion. 
Since  the  pad  is  quite  soft  in  shear, 
its  lateral  motion  and  consequent 
vertical  motion  is  not  negligible.  The 
geometric  coupling  is  described  by 
employing  the  large  deformation  defini¬ 
tion  of  strain  in  Eqs.  (1). 

The  anisotropic  nature  of  the  pad 
may  be  expressed  as 


*The  tile/pad  system  considered 
herein  consists  of  a  152.4  x  152.4  x 
95.25  mm  LI900  tile  on  a  127  x  127  x 
4.06  mm  pad,  (6  x  6  x  3.75  in.  tile  on 
a  5  x  5  x  0.160  in.  pad).  An  LI900 
tile  has  a  mass  density  of  144.2  kg/m? 
(9  lbs/ft?). 
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zr  yy 
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1/Gyy_ 

(7) 


where  it  is  understood  that  E,  Gxx, 
and  Gyy  depend  on  S2Z,  Szx  and 
szv,  respectively.  The  relative  magni¬ 
tude  of  the  off-diagonal  terms  may  be 
ascertained  by  considering  a  pure  shear 
case  in  which 


and 


-  4p[szx  +  V«  -  (V2)esJ  dAp 
"  4p[Szy  +  Vzz  +  <*/«••„]  dAp 

^4  "  ijy/hp[(1  f  e)Szz  +  eyszx  +  BxS  J 
+  (l/2)S2y(l  +  e)|  dAp 

+  (1/2) (hT/hp)03 

°5  "  4pfx/hp[(1  +  £>Szz  +  exSzy  +  BySzJ 

-  Cl/2)Szx(.l  +  e)|  dAp 

-  (1/2) (hT/hp)Q2 


For  different  values  of  ra,  experi¬ 
mentally  determined  values  of  the  tile 
rigid  body  motions  are  then  substituted 
into  Eg.  (1)  and  the  resulting  strain* 
are  substituted  into  Eqs.  (7)  to  deter¬ 
mine  the  coupling  term,  czx/GXy.  This 
effectively  removes  the  effect  of  the 
geometric  coupling.  The  results  are 
plotted  in  Fig.  6  which  reveals  that 
for  t a  less  than  5  psi,  the  anistropic 
coupling  term  is  less  than  4  percent  of 
the  diagonal  term.  Thus,  the  anisotropic 
coupling  mechanism  may  be  safely  neglected 
and  the  geometric  coupling  mechanism  con¬ 
stitutes  the  great  majority  of  the  verti¬ 
cal-lateral  coupling.  This  simplifica¬ 
tion  is  fortunate  since  the  tracing  of 
the  loading/unloading  paths  in  the  pre¬ 
sence  of  anisotropy  would  have  added  con¬ 
siderable  complications  to  the  analysis. 


°6  *  ip[Szz(x*y  -  yYx)/hp 

+  d/2)S2X(Yy  +  xe/hp  -  2y/hp) 

+  (l/2)Szy(2x/hp  +  6y/hp  -  YX)J  dAp 

and,  3X  and  By  are  average  rotational 
components , 

ex  -  (1/2)  Owg/3y  +  ox) 

<Sy  -  (1/2)  Owg/3x  -  ay) 

[M]  is  the  diagonal  mass  matrix, 


Equations  of  Motion 

The  equations  of  motion  which  are 
derived  from  the  principle  of  virtual 
wcrk  in  Ref.  [5]  may  be  expressed  as, 


{Q}  +  [M] {q}  -  (F)  (8) 


'here  {Q}  is  the  internal  resultant 
force  vector  whose  components  are 
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components 


is  the  vector  of  displacement 
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and  {F}  is  the  applied  tile  force 
vector, 
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Equations  (8)  are  integrated 
explicitly  using  the  following  recursive 
relations 


{q}i+1  -  {qjj,  +  At[M]'1({F}1  -  {Q}^ 


{q}i+l  "  {q*i  +  At{qJi+l  (9) 


where  At  is  an  appropriate  time  step. 
The  initial  conditions  are  specified 
on  the  strain-rate  independent  Kirchh9ff 
stress  components,  on  {q},  and  on  {q}. 
The  initial  strains  and  strain-rates 
may  then  be  calculated  from  Eqs.  (1) 
and  the  strain-rate  dependent  stresses 
from  Eqs.  (4).  If  the  initial  state  of 
stress-strain  lies  outside  of  the  normal 
or  shear  envelope,  then  the  strain- rate 
must  initially  be  nonzero. 

At  the  ith  step,  the  known 
vector  tq>i  and  {q)i  are  used 
to  compute  the  Green  strains  and 
strain  rates  from  Eqs.  (1).  In  turn, 
these  strains  and  strain  rates,  in  con¬ 
junction  with  the  tracing  of  the  stress- 
strain  curves  (see  Ref.  [4]  for  details 
on  how  the  tracking  of  the  stress-strain 
curves  is  accomplished  on  the  computer) 


provides  the  Kirchhoff  strain-rate 
Independent  stress  components.  The 
strain-rate  when  substituted  into 
Eqs.  (7)  yields  the  Kirchhoff  strain- 
rate  dependent  stress  and  the  sum  of 
independent  and  dependent  components 
yields  the  total  Kirchhoff  stress. 
Integration  of  the  total  stresses  in 
Eq.  (8)  yields  the  total  stress 
resultants  in  the  pad,  {Q}.  The 
integrations  of  Eq.  (8)  are  performed 
numerically  using  standard  quadrature 
subroutines.  The  velocity  and  dis¬ 
placement  vectors  are  updated  for  the 
i  +  1th  time  step  using  Eqs.  (9). 

DISCUSSION  OF  RESULTS 

In  this  paper  application  of  the 
analysis  presented  herein  is  limited  to 
a  typical  LI900  thick  tile  on  the  Space 
Shuttle  subject  to  sinusoidal  or  random 
substrate  motion.  Experimental  results 
are  taken  from  Refs.  [14]  and  [15].  As 
determined  in  Ref.  [4],  nonlinear  viscous 
damping  coefficients  of  qn  ■  2  and 
Cn  °  0.15  were  used. 

Wave  Shape 

Figure  7  shows  the  analytically 
predicted  and  experimentally  observed 
steady-state  tile/pad  interface  stress, 
Ozz,  as  a  function  of  time  due  to  a 
sinusoidal  substrate  motion  having  an 
acceleration  of  30  g's  and  oscillating 
frequency  of  80  Hz.  Both  the  analyti¬ 
cal  and  experimental  wave  shapes  are 
highly  nonlinear  with  high  stress  peaks. 
(A  linear  system  would  give  a  purely 
sinusoidal  response.)  These  peaks  seem 
to  be  due  to  the  tile  acquiring  a  high 
velocity  over  the  soft  material  range 
which  causes  it  to  overshoot  into  the 
stiff  material  range,  thus  producing 
high  stress  peaks  on  each  cycle  of 
motion. 

Resonant  Frequency 

Figure  8  displays  the  variation  of 
resonant  frequency  with  substrate 
acceleration  amplitude  measured  in  g's. 
The  resonant  frequency  is  taken  as  that 
frequency  which  yields  the  peak  amplitude 
steady-state  pad  stress.  The  experi¬ 
mental  data  were  derived  from  tests  on 
two  tile/pad  specimens.  Variation 
in  pad  properties  between  the  two  speci¬ 
mens  probably  accounts  for  much  of  the 
data  scatter.  The  analysis  uses  average 
pad  data  and  thus  lies  within  the  data 
scatter.  With  increasing  amplitude  of 
substrate  acceleration,  analysis  and 
experiment  both  show  a  rapid  decrease  in 
resonant  frequency  (nonlinear  soften¬ 
ing)  followed  by  a  slow  increase 
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in  resonant  frequency  (nonlinear 
hardening) . 

The  trend  can  be  understood  by 
considering  the  material  behavior  of 
Fig.  4 (a) .  For  small  amplitudes  of 
substrate  acceleration  the  material 
follows  a  stiff  loadim. /unloading  loop 
(loop  A) ,  with  little  or  no  portion  of 
the  cycle  on  the  lower  modulus  envelope. 
This  indicates  that  for  small  ampli¬ 
tudes  the  friction  forces  between  pad 
filaments  accounts  for  the  entire  load 
carrying  mechanism  of  the  pad.  As  the 
amplitude  is  increased,  a  larger  portion 
of  the  cycle  lies  on  the  soft  portion  of 
the  envelope  (loop  B) ,  and  so  the 
resonant  frequency  decreases.  With 
further  increase  the  resonant  frequency 
starts  increasing  as  more  and  more  of 
the  cycle  begins  to  include  the  higher 
modulus  region  of  the  envelope  at  raised 
stress  levels  (loop  C) . 

Pad  Damping 

Deunping  mechanisms  in  the  pad  may 
be  examined  by  using  the  analysis  to 
evaluate  the  loss  factor,  n,  at  the 
resonant  steady-state  frequency.  The 
loss  factor  is  defined  herein  as 


n  “  (l/2ir)  <Ed/Ek)  (10) 


where  is  the  peak  kinetic  energy 
attained  by  the  tile  during  a  steady- 
state  cycle  of  motion,  namely, 

Ek  -  (1/2)  «n|wpeak|2 


and  Eg  is  the  energy  dissipated  by  the 
pad  per  cycle  of  steady-state  motion 
which  may  be  calculated  by  evaluating 
the  integral. 
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in  which  tQ  is  any  time  large  enough 
so  that  tne  system  is  in  steady-state 
motion  and  T  is  the  period  of  motion. 

In  Fig.  9,  the  variation  of  n 
with  amplitude  of  substrate  accelera¬ 
tion  is  shown  with  and  without  nonlinear 
viscous  damping  present.  That  is,  with 
both  strain-rate  independent  and  depen¬ 
dent  stresses  present,  and  with  only 
strain-rate  independent  stresses  pre¬ 
sent.  In  the  latter  case,  the  energy 
dissipation  is  due  only  to  hysteretic 


losses  attributable  to  pad  friction. 
Both  curves  exhibit  similar  trends 
and  approach  constant  values  at 
large  amplitudes  of  substrate  motion. 
For  high  amplitudes  it  appears  that  the 
energy  loss  due  to  -train-rate  indepen¬ 
dent  stresses  alone  accounts  for  about 
30  percent  of  the  total  energy  loss} 
thus,  both  dissipation  mechanisms  are 
important. 

Parametric  Resonance 


At  certain  combinations  of  the 
vertical  substrate  acceleration  ampli¬ 
tude  and  the  frequency,  the  system  may 
become  unstable  laterally.  This  is 
demonstrated  analytically  in  Fig.  10(a) 
where  the  substrate  is  oscillating 
vertically  in  steady  state  motion  at 
80  Hz  with  an  acceleration  amplitude  of 
30  g's.  If  the  system  is  perfectly 
symmetric,  as  is  assumed  here,  no 
lateral  motion  occurs  and  the  normal 
stress,  ozz,  exhibits  the  typical 
nonlinear  high  peaked  response  history 
seen  in  Fig.  7,  while  the  shear  stress 
is  zero.  However,  in  reality  there 
always  exists  some  perturbing  disturbance 
to  excite  an  instability  if  one  exists. 
Hence,  to  excite  the  lateral  motion 
analytically,  a  small  oscillatory 
disturbing  shear  stress  is  externally 
applied  to  the  tile  with  a  magnitude  of 
0.003  psi  and  oscillating  at  80  Hz; 
the  same  frequency  as  the  vertical 
motion.  (This  is  equivalent  to  0.03  g’s 
of  lateral  acceleration  on  the  tile.) 
After  a  few  cycles  the  lateral  stress 
grows  from  0.001  psi  to  about  0.5  psi 
and  takes  on  a  frequency  about  half  that 
of  the  vertical  substrate  and  tile  fre¬ 
quency.  Such  behavior  is  classically 
referred  to  as  parametric  response. 

Figure  10(a)  also  shows  that  as  the 
shear  stress  and  hence  lateral  motion 
grows,  the  normal  stress  decreases  as 
energy  leaves  the  vertical  motion  and 
goes  into  lateral  motion. 

Using  the  analysis  herein,  similar 
results  can  be  generated  for  other  com¬ 
binations  of  amplitude  and  frequency  to 
produce  the  stability  boundary  shown  in 
Fig.  10(b).  The  stability  boundary  is 
derived  using  average  pad  properties 
and  thus  other  tile/pad  specimens  may 
have  somewhat  different  boundaries 
from  what  is  shown  here.  However, 
general  statements  about  its  character 
can  be  safely  made. 

The  figure  illustrates  that  for 
low  amplitude  motion  the  system  is 
always  stable,  but  becomes  unstable 
above  a  critical  value  of  excitation 
amplitude  which  for  the  pad  properties 
used  herein  is  16  g's.  The  instability 
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occurs  over  a  specific  frequency  band; 
the  width  of  the  band  growing  slowly  with 
increasing  amplitude.  Further,  for  the 
tile/pad  combination  under  examination 
here,  there  does  not  appear  to  be  any 
instability  possible  at  frequencies 
below  40  Hz  independent  of  amplitude. 

Also  shown  in  Fig.  10(b)  is  a 
duplicate  of  the  experimental  and  ana¬ 
lytical  resonant  frequency  variation  of 
Fig.  8.  As  is  seen,  the  analytically 
predicted  resonant  frequencies,  for  the 
pad  properties  used  herein,  lie  outside 
of  the  unstable  range  for  values  of 
excitation  amplitude  less  than  32  g's. 
Above  this  value  the  resonant  frequency 
will  have  little  significance  unless  the 
tile  is  restrained  from  lateral  motion. 
All  but  one  of  the  experimental  resonant 
frequencies  lie  outside < of  the  predicted 
unstable  region  and  above  16  g's  of 
excitation  the  test  data  generally  lie 
above  the  unstable  region.  Thus,  in 
performing  sine  sweep  tests  to  locate 
resonant  frequencies,  the  unstable  region 
may  be  entered  temporarily.  Indeed  this 
has  been  the  experience  in  experimental 
investigations,  where  the  parametric 
resonance  of  the  system  was  first 
observed.  Parametric  resonances 
were  observed  to  occur  in  torsional  as 
well  as  lateral  inodes. 

Although  lateral  instabilities  were 
observed  experimentally  and  analytically 
under  sinusoidal  substrate  excitation 
they  have  not  been  observed  under  the 
random  loads  of  the  actual  dynamic 
environment.  Nevertheless  the  lateral 
instability  does  indicate  a  strong 
coupling  between  vertical  and  lateral 
motion.  Since  the  tile  will  also  rock 
during  lateral  motion  an  inertial  moment 
on  the  tile  due  to  coupling  must  be 
accounted  for  as  has  been  done  in 
determining  equivalent  static  loads 
for  the  system  stress  analysis  [2]. 

Gain  Values  for  Random  Substrate 
Excitation 

Random  spectral  tests  and  non¬ 
linear  analysis  were  performed  at  dif¬ 
ferent  substrate  peak  g2/Hz  levels  on 
0.454  and  0.844  Kg  (1.0  and  1.86  lb) 
tile/pad  configurations.  These 
tile  masses  are  high  for  typical 
Shuttle  tiles  but  were  selected 
specifically  for  test-analysis  cor¬ 
relation.  For  both  test  and  analysis 
system  gains  based  upon  rms  tile  ac¬ 
celeration  to  rms  substrate  accelera¬ 
tion  and  the  peak  tile  acceleration 
to  peak  substrate  acceleration  were 
determined  and  plotted  against  the 
substrate  rms  acceleration  level  in 
Fig.  11.  Considering  the  variation  of 


pad  properties  from  specimen  to  specimen, 
the  correlation  is  very  good  using  aver¬ 
age  pad  properties. 

In  performing  the  nonlinear  analy¬ 
sis,  the  power  spectral  density  (PSD) 
associated  with  substrate  excitation 
used  in  the  test  is  employed  to  derive 
an  appropriate  substrate  acceleration 
history  using  a  random  number  generator 
subject  to  the  constraint  of  a  Gaussian 
probability  density  distribution. 

If  the  system  was  linear,  the 
curves  of  Fig.  11  would  show  no  varia¬ 
tion  with  substrate  rms  acceleration 
level  and  the  gains  based  upon  rms  and 
peak  ratios  would  be  identical.  Inas¬ 
much  as  both  test  and  analysis  gains 
based  on  rms  ratios  display  little 
variation  with  substrate  acceleration 
level,  gains  based  on  rms  rat.os  could 
be  predicted  using  a  linear  analysis 
with  the  appropriate  amount  of  damping. 
However,  this  is  not  true  for  gains 
based  on  peak  ratios.  Both  test  and 
analysis  gains  based  on  peak  ratios 
become  considerably  higher  than  those 
based  on  rms  ratios  at  higher  substrate 
acceleration  levels.  The  result  is 
strictly  a  nonlinear  phenomenon. 

Probability  of  Occurrence  for  Positive 
Peak  Pad  Stresses  Due  to  Random 
Gaussian  Substrate  Acceleration 

In  predicting  the  fatigue  life  of 
the  thermal  protection  system,  it  is 
first  necessary  to  predict  the 
probability  of  occurrence  of  positive 
pad  stress  peaks.  It  is  often  conve¬ 
nient  to  assume  that  this  follows  a 
Rayleigh  distribution.  In  a  linear 
system  where  the  excitation  positive 
peaks  follow  a  Rayleigh  distribution, 
the  assumption  is  completely  valid.  The 
rms  pad  stress  completely  characterizes 
the  assumed  Rayleigh  distribution  and 
the  probability  of  occurrence  for 
positive  pad  stress  peaks  exceeding 
three  times  the  rms  pad  stress  or 
3-SIGMA  value  is  about  3.3  percent. 
Therefore,  the  purpose  of  this  section 
is  to  address  the  validity  of  the 
Rayleigh  distribution  using  the  non¬ 
linear  analysis. 

In  the  nonlinear  analysis,  it  is 
first  necessary  to  generate  random 
Gaussian  substrate  acceleration  histo¬ 
ries  which  have  the  proper  PSD's. 

These  substrate  acceleration  histories 
are  then  used  as  transient  excitations 
in  the  nonlinear  analysis.  The  pre¬ 
dicted  nonlinear  pad  stress  history  is 
then  calculated  and  the  data  reduced 
(this  includes  counting  and  ordering 
positive  peak  stresses)  to  provide  the 
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probability  density  of  positive  peak  pad 
stresses  as  shown  for  example  in 
Fig.  12.  Also  shown  is  the  tile 
weight,  PSD  input  spectrum  used,  linear 
and  nonlinear  predicted  rms  tile 
response  and  pad  stress.  A  comparison 
of  the  nonlinear  predicted  probability 
density  of  positive  peak  pad  stresses 
with  the  assumed  Rayleigh  distri- jtion 
is  normalized  on  the  basis  of  a  linear 
predicted  rms  stress.  The  linear  anal¬ 
ysis  assumes  35  percent  of  critical 
damping  and  a  linear  stiffness  of 
1368  N/cm  (781  lb/in.).  The  comparison 
indicates  that,  in  general,  there  is 
little  difference  between  the  linear  and 
nonlinear  predicted  rms  stress  values; 
the  same  conclusion  reached  previously. 
As  a  consequence,  the  Rayleigh  distri¬ 
bution  generally  provides  a  good 
approximation  for  the  occurrence  of  pad 
stresses  near  the  rms  stress  value  which 
has  the  greatest  probability  of  occur¬ 
rence.  However,  as  the  pad  stresses 
get  higher,  the  Rayleigh  distribution 
becomes  more  inaccurate,  with  a  much 
higher  percentage  of  peaks  occurring 
beyond  three  times  the  rms  stress  value. 
It  is  these  higher  stresses  which  are 
most  damaging  to  the  life  of  the  thermal 
protection  system.  They  exceed  the 
Rayleigh  distribution  prediction  due  to 
the  presence  of  nonlinearities  in  the 
pad  behavior  which  have  more  influence 
when  higher  pad  stresses  are  present. 
Similar  results  show  that  the  greater 
the  substrate  motion,  the  higher  the 
pad  stress  and  hence  the  greater  the 
exceedance  of  the  Rayleigh  distribution 
at  its  high  end,  while  for  lighter 
tiles  the  exceedance  decreases  [6]. 

Summary  of  Nonlinear  Dynamic  Analysis 
Results 

In  view  of  the  test  data  scatter 
due  to  the  variation  of  material  pro¬ 
perties  from  test  specimen  to  specimen, 
the  dynamic  analysis  is  in  good  agree¬ 
ment  with  the  experimental  results. 

Both  test  and  analysis  show  an  amplitude 
dependent  resonant  frequency  and  gain 
ratios  based  on  peak  values.  Gain 
ratios  based  on  rms  values  appear  to  be 
predictable  from  a  linear  analysis  when 
appropriate  linear  viscous  damping 
values  are  chosen  since  the  rms  based 
gains  show  little  variation  with  ampli¬ 
tude.  Gain  ratios  based  on  peak  values 
are  seen  to  be  higher  than  those  based 
on  rms  values.  However,  it  is  believed 
that  the  design  loads  are  sufficiently 
conservative  so  that  the  lower  rms  based 
gains  can  be  safely  used  rather  than 
the  higher  peak  based  gains. 

Although  the  dynamic  analysis  pro¬ 
duced  useful  general  information  on  the 


system  behavior,  gave  added  confidence 
that  the  system  was  understood,  and 
could  be  exercised  on  specific  individ¬ 
ual  tiles,  it  was  not  feasible  to  perform 
a  dynamic  analysis  on  each  of  thousands 
of  tiles.  Thus,  a  static  nonlinear 
analysis  using  equivalent  static  loads 
from  the  dynamic  environment  [2]  was 
developed  and  applied.  The  dynamic 
analysis  also  aided  in  defining  an  un¬ 
anticipated  load  for  the  static  analysis 
in  the  form  of  a  moment  due  to  vertical- 
lateral  coupling. 


STATIC  ANALYSIS  AND  DATA  MANAGEMENT 
SYSTEM 

Scope 

Assessment  of  the  integrity  of  the 
thermal  protection  system  required 
that  a  stress  analysis  be  performed  on 
each  of  thousands  of  tiles  as  shown  in 
Fig.  13.  A  stress  analysis  program 
[7-9]  was  developed  for  this  purpose. 

The  analysis  accounts  for  the  nonlinear 
material  properties  of  the  strain 
isolator  pads  used  to  attach  the  tiles 
to  the  metal  surface  of  the  Orbiter. 

This  analysis  requires  geometry  defini¬ 
tion,  aerodynamic  and  vibroacoustic 
loads,  Orbiter  surface  deflections,  and 
materials  data  for  each  tile  (see 
Fig.  14) .  For  example,  the  material 
properties  of  the  pad  and  filler  bar 
depend  upon  the  proof  test  level  used 
on  each  individual  tile  inasmuch  as  this 
causes  the  pad  filaments  to  realign 
themselves  [l];  thus,  making  the  pad 
under  each  tile  unique.  The  geometry, 
loads  and  material  data  existed  in  many 
forms  in  various  engineering  reports. 

The  gathering  and  preparation  of  input 
data  for  the  analysis  of  a  single  tile 
was  a  time-consuming  process  (required 
approximately  one  man-day  per  tile)  when 
done  by  hand.  Therefore,  there  was  a 
need  for  the  capability  for  automatic 
storage  and  retrieval  of  data  needed 
for  analysis  so  that  large  numbers  of 
tiles  could  be  analyzed  in  a  timely 
manner . 

To  incorporate  an  advanced  engi¬ 
neering  data  management  system  with  a 
static  nonlinear  stress  analysis  use 
was  made  of  the  Relational  Information 
Management  (RIM)  system  [16]  which  was 
developed  as  part  of  the  NASA-sponsored 
IPAD  project.  The  interactive  query 
language  of  the  RIM  system  is  used  to 
make  selected  on-line  retrievals  of  any 
stored  data.  A  FORTRAN  interface, 
which  is  a  set  of  user  callable  RIM  sub¬ 
routines,  is  used  extensively  by  other 
computer  programs  needed  for  communica¬ 
tion  of  data  between  the  nonlinear 
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analysis  program  and  RIM.  This  analysis/ 
data  management  system  served  to  automate 
the  entire  tile  assessment  process  begin¬ 
ning  with  access  of  tile  data  from  RIM 
through  execution  of  the  nonlinear  stress 
analysis  program  and  display  of  results. 
This  significant  analysis  effort  was 
performed  in  a  timely  manner  (less  than 
a  day)  and  is  typical  of  the  studies 
performed  to  aid  in  flight-readiness 
certification  of  the  tiles  for  the  first 
Orbiter  flight. 

Capabilities 

The  capabilities  of  the  static 
analysis  are  schematically  illustrated 
in  Fig.  14  and  are  similar  to  those  of 
the  dynamic  analysis.  However,  there 
are  certain  significant  differences. 

Configuration. -  To  provide  capa- 
bility  to  analyze all  tile  configura¬ 
tions,  the  pads  are  defined  with  an 
arbitrary  boundary  made  up  of  linear 
segments  including  cutouts  for  instru¬ 
mentation  or  other  penetrations.  Since 
the  analysis  process  requires  integration 
of  stresses  over  the  pad,  the  pad  and/or 
filler  bar  surfaces  are  divided  into 
triangular  regions  each  containing  a 
mesh  of  subtriangles  as  shown  in 
Fig.  14(c).  The  integrated  stress  is 
the  sum  of  contributions  of  assumed 
linear  stress  distributions  over 
each  subtriangle.  The  mesh  refinement 
can  be  varied  to  give  any  desired  solu¬ 
tion  accuracy. 

Material  Properties.-  In  statically 
treating  the  nonlinear  material  pro¬ 
perties  of  the  pad  and  filler  bar,  it  is 
assumed  that  the  tile  experiences  no 
load  reversals  in  arriving  at  a  given 
load  state.  Thus  the  modeling  of  the 
hysteretic  nature  of  the  material  as 
required  in  the  dynamic  analysis  is 
eliminated.  With  this  complication 
removed  it  becomes  feasible  to  model 
the  softening  of  the  pad  which  occurs 
at  high  stress  levels  as  shown  in 
Fig.  14  (d) .  For  accurate  stress  analy¬ 
sis,  this  may  have  a  significant 
effect. 

Tile  Loads.-  Stresses  in  the  strain 
isolator  pad  are  caused  by  pressures 
acting  on  the  tile  which  result  from 
the  aerodynamic  environment,  inertia 
forces  from  vibratory  motion  of  the  tile, 
and  deflections  of  the  substrate  to 
which  the  pad  is  attached.  The  vibratory 
inertia  loading  on  the  tiles  and  cor¬ 
responding  dynamic  substrate  deflections 
are  collectively  referred  to  as  vibro- 
acoustic  loads. 


The  various  tile  loading  sources 
considered  are  shown  in  Fig.  14(e). 

The  parameters  needed  to  define  the 
steady  aerodynamic  loads  include  the 
pressure  change  across  a  shock  for  both 
separated  and  unseparated  flow,  aero¬ 
dynamic  pressure  gradients  in  the 
streamwise  and  transverse  directions, 
and  a  reference  pressure  which  is 
related  to  the  ambient  pressure.  Aero- 
buffet  loading  is  given  as  forces  and 
moments  measured  from  wind-tunnel  tests. 
The  load  on  the  tile  caused  by  a  lag  in 
venting  the  interior  tile  pressure 
during  Orbiter  ascent  is  taken  to  be  a 
constant  value  for  all  tiles.  The  skin 
friction  on  the  external  surface  is  a 
function  of  the  distance  of  the  tile 
from  the  leading  edge  of  the  Orbiter 
planform,  a  quantity  that  is  calculated 
and  stored  in  the  data  management 
system  for  each  tile.  The  substrate 
deformation  for  vibroacoustic  loading 
has  a  specified  amplitude  and  wavelength 
corresponding  to  the  structural  panel 
width.  The  static  substrate  deflection 
corresponds  to  deformation  of  the  skin 
between  stiffeners  on  the  panel  caused  by 
a  combination  of  in-plane  loads  and 
pressure  differentials  across  the  skin. 

In  the  analysis  procedure,  the  deflec¬ 
tions  of  the  substrate  are  positioned 
relative  to  the  tile  to  give  maximum 
stress.  The  ruximum  positive  amplitude 
of  the  long  wavelength  is  positioned 
at  the  center  of  the  tile  while  the 
maximum  negative  amplitude  of  the  short 
wavelength  is  positioned  under  the 
front  corner  of  the  tile.  These  sub¬ 
strate  deflection  positions  were  guided 
by  results  presented  in  Ref.  [17]. 

The  data  needed  to  describe  this 
load  environment  are  defined  in  relation 
to  aerodynamic  and  structural  panels 
defined  on  the  surface  of  the  Orbiter. 

The  aerodynamic  loa .1  parameters  are 
taken  to  be  constant  within  each  of  the 
aerodynamic  panels  shown  in  Fig.  14(f). 
The  boundaries  of  the  wing  panels  are 
located  at  constant  fraction  of  semispan 
locations  and  constant  percent  chord 
locations,  the  usual  nondimensional 
coordinates  used  by  aerodynamicists. 

Only  two  aerodynamic  panels,  correspond¬ 
ing  to  the  MF-5  and  MF-6  tile  regions 
of  the  Orbiter  are  used  for  the  fuselage. 

The  static  substrate  deflection 
is  defined  in  relation  to  the  structural 
panels  shown  in  Fig.  14(g).  The  bound¬ 
aries  of  the  wing  structural  panels  are 
along  ribs  and  spars  and  along  frames 
and  stringers  on  the  fuselage.  The 
vibroacoustic  tile  loading  is  a  function 
of  distance  from  the  panel  boundary. 
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Stress  Analysis 

In  the  baseline  or  original  con¬ 
figuration,  the  tiles  had  uniform  pro¬ 
perties  through  the  thickness 
(undensified  tiles) .  During  early 
testing  of  the  undensified  tiles  under 
externally  applied  loads,  failure 
was  found  to  occur  in  the  tiles  adjacent 
to  the  plane  where  they  were  bonded  to 
the  pad.  Based  on  this  observation,  it 
is  assumed  that  the  integrity  oi  the 
system  depends  upon  the  normal  stress 
at  the  pad/tile  bondline.  If  this  cal¬ 
culated  normal  stress  exceeded  a  speci¬ 
fied  allowable  stress,  the  tile  was 
removed  and  densified  (strengthened  by 
a  thin  layer  of  impregnated  material  at 
the  tile's  inner  surface). 

A  tile  analysis  program  based  on 
the  above  considerations  was  developed 
to  calculate  these  normal  stresses  in 
the  pad  [8,9].  The  analysis  procedure 
is  a  generalization  and  extension  of 
the  basic  method  described  in  Ref.  [7] 
and  is  the  static  counterpart  of 
Ect**.  (8),  but  with  assumed  small  deflec¬ 
tions.  External  loads  are  applied  to  the 
tile  as  concentrated  forces,  pressures, 
and/or  inertially  equivalent  accelera¬ 
tions  (g-load) .  The  substrate  under  the 
pad  can  be  given  a  prescribed  shape  to 
represent  mismatch  from  the  manufactur¬ 
ing  process,  warpage  of  the  tile,  and/or 
deformations  of  the  external  surface  of 
the  structure  such  as  those  caused  by 
buckling. 

A  Newton  iteration  procedure  is 
used  to  calculate  the  displacements  and 
rotations  of  the  rigid  tile  for  which 
the  reaction  forces  from  stresses  in  the 
pad  and  filler  bar  material  are  in  static 
equilibrium  with  the  applied  loads. 

Once  equilibrium  is  established,  the 
maximum  stress  and  its  location  in  the 
pad  are  calculated.  The  uniqueness  and 
stability  of  the  nonlinear  solution  as 
well  as  the  convergence  of  the  Newton 
iteration  is  addressed  in  Ref.  [7]. 

Data  Handling 

The  use  of  the  RIM  system  for 
managing  the  Orbiter  tile  data  was 
greatly  facilitated  by  its  efficient, 
flexible,  easy-to-use  capabilities  for 
data  retrieval.  The  capabilities  pro¬ 
vided  ready  access  to  the  tile  engineer¬ 
ing  data  for  display  in  a  user  selected 
form.  The  methods  used  to  retrieve, 
manipulate,  and  display  the  tile  data 
are  discussed  in  this  section. 

A  relational  query  language,  which 
contains  Boolean  conditional  clauses 
for  selecting  desired  data,  is  available 


in  RIM.  This  language  has  the  flexibil¬ 
ity  to  support  retrieval  of  data  to 
satisfy  a  variety  of  conditions  many  of 
which  were  not  anticipated  during  the 
organisation  of  the  tile  data  base.  The 
syntax  of  the  query  language  statements 
makes  them  self-explanatory.  In  general, 
the  statements  specify  an  operation  to 
be  performed,  specify  the  location  of  the 
data  within  the  data  base,  and  define 
conditions  to  be  satisfied  by  data  values. 
Data  manipulation  commands  are  available 
in  RIM  to  change  the  contents  and  organi¬ 
zation  of  the  data  base. 

Graphical  displays  of  the  tile  data 
were  important  for  validating  or  correct¬ 
ing  the  data  after  it  was  loaded  into 
the  data  base.  A  separate  plotting  pro¬ 
gram  was  developed  for  this  purpose. 

This  program  generates  a  planform  view 
of  tile  geometry  with  each  tile  annotated 
with  any  related  data  which  can  be  dis¬ 
played  on  an  interactive  terminal  and/or 
offline  plotter.  Such  a  display  is 
illustrated  by  the  planform  view  of  tiles 
in  Fig.  13. 

Automated  Data  Management/Analysis 
System 

The  data  management  system  RIM 
together  with  the  analysis  programs  were 
combined  into  a  system  which  was  used  to 
calculate,  display,  and  interpret  tile 
analysis  results.  The  resulting  auto¬ 
mated  data  management/analysis  system  is 
a  collection  of  computer  programs  and 
data  files  needed  for  data  communication 
between  the  nonlinear  stress  analysis 
program  and  RIM.  This  system  can  be 
used  in  three  different  modes  as  indi¬ 
cated  in  Fig.  15.  The  first  mode  is  to 
use  the  RIM  interactive  Executive  as  a 
stand-alone  system  and  access  any  of  the 
desired  engineering  data.  This  capa¬ 
bility  is  usually  accessed  from  an 
interactive  terminal  with  keyboard  input 
and  printed  output.  In  the  second  mode, 
graphical  displays  of  selected  data  are 
generated  on  an  on-line  terminal  and/or 
off-line  plotter  using  the  separate 
program  developed  for  this  purpose.  The 
third  user  mode  is  to  perform  automated 
stress  analysis.  This  mode  requires  use 
of  pre-  and  post-processors  containing 
several  computer  programs  and  data  files 
to  connect  the  stress  analysis  program 
with  the  ’".IM  data  files.  The  development 
of  the  pre-  and  post-processors  was  a 
significant  task  requiring  the  same 
level  of  effort  as  the  creation  of  the 
tile  data  base  itself.  Neither  the 
stress  analysis  program  nor  RIM  were 
modified  during  development  of  the 
automated  5 y stem. 
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User-prepared  input  data  are  re¬ 
quired  to  select  the  tiles  and  to  specify 
load  conditions  to  be  used  in  a  partic¬ 
ular  analysis.  This  information  is 
used  by  the  preprocessor  to  extract  all 
data  from  the  RIM  data  files  which  are 
required  for  a  stress  analysis  and  uo 
generate  an  analytical  model  of  the 
tile  and  its  applied  loads. 

The  preprocessor  makes  extensive 
use  of  the  RIM  FORTRAN  interface  sub¬ 
routines.  These  subroutines  are  used  to 
support  repetitive  queries  that  are 
tailored  to  extract  all  data  necessary 
to  analyze  the  selected  tile  part  numbers 
at  the  specified  Mach  number  selected 
from  a  prescribed  Shuttle  Orbiter  flight 
trajectory.  The  resulting  analytical 
model  is  in  the  form  of  a  card  image 
input  file  which  is  used  by  the  non¬ 
linear  stress  analysis  program.  The 
maximum  interface  stress  for  each  tile/ 
pad  combination  is  computed  for  each 
load  case  that  is  specified,  thus  com¬ 
pleting  the  automated  stress  analysis 
process.  This  calculated  stress  infor¬ 
mation  is  usually  subsequently  processed 
to  determine  the  load  case  which  produces 
the  largest  stress  for  each  tile.  These 
stress  values  are  compared  with  the 
allowable  stresses  and  then  all  pertinent 
stress  data  are  stored  in  the  RIM  data 
files  using  a  postprocessor.  Various 
user  initiated  queries  are  then  made  to 
assess  the  calculated  stress  data. 

Because  of  computing  time  require¬ 
ments  for  the  nonlinear  stress  analysis 
procedure,  interactive  use  of  the  system 
is  effective  when  only  a  few  cases  are 
to  be  analyzed.  For  the  analysis  of  a 
large  number  of  tiles  and/or  load  cases, 
operation  of  *he  system  in  a  batch  mode 
is  desirabl 

The  automated  data  management/ 
analysis  system  required  a  10  man-month 
effort  for  development.  Approximately 
60  percent  of  the  effort  was  required  to 
gather,  organize,  and  store  the  data 
into  RIM  and  the  other  40  percent 
involved  the  development  of  computer 
programs  to  serve  as  an  interface  between 
the  stress  analysis  program  and  the  RIM 
data  base.  The  data  base  contains 
approximately  600,000  words  of  engineer¬ 
ing  data  necessary  i  lalyze  the  8,000 
tiles  or  «-h*  .-wer  ,  ce  of  the  wing 
and  fuseli-i-  (Fig.  i.3j .  An  additional 
250,000  words  of  data  are  used  for 
schema  descriptions  and  inverted  files 
that  are  retained  so  that  a  total  of 
850,000  words  of  disk  storage  are 
required. 

The  largest  app'  :  —on  of  this 
system  was  the  analysis  of  all  3,137 


undensified  tiles  on  the  lower  surface 
of  the  Orbiter.  A  nonlinear  stress 
analysis  performed  for  each  of  these 
tiles  required  approximately  9.5  hours 
of  central  processing  time  on  CDC 
CYBER  175  computers.  This  analysis  was 
divided  into  several  individual  runs, 
each  involving  approximately  100  tiles. 
This  division  into  smaller  runs  was  a 
precautionary  measure  to  minimize  the 
effect  of  a  software  or  hardware  mal¬ 
function.  It  also  allowed  an  opportunity 
for  incremental  review  of  results  while 
taking  advantage  of  the  multiprograming 
capabilities  of  the  CYBER  computer. 

Over  3,000  tiles  were  analyzed  in  one 
day  in  contrast  to  the  previous  manual 
analysis  which  required  one  man-day  per 
tile.  A  typical  analysis  of  100  tiles 
required  0.8  minute  for  execution  of 
the  data  access  and  analytical  model 
generation  programs  and  20.0  minutes 
for  the  nonlinear  stress  analysis  pro¬ 
gram.  Thus,  the  data  access  and  model 
generation  time  is  minor  compared  to  the 
time  required  for  stress  analysis. 
Accordingly,  it  is  cost-effective  to 
regenerate  the  analytical  models  of  the 
tiles  for  input  into  the  stress  analysis 
program  each  time  an  analysis  is  made 
rather  than  save  the  models  on  auxiliary 
storage. 

During  the  tile  study,  graphic  dis¬ 
plays  were  used  to  assess  the  calculated 
stress  data.  Although  data  for  each 
tile  zone  were  stored  in  a  separate 
data  base,  it  was  sometimes  desirable 
to  have  composite  pictures  of  the  cal¬ 
culated  results.  For  this  purpose,  the 
data  in  all  pertinent  relations  were 
combined  in  a  common  data  base.  Such 
a  common  data  base  was  used'  to  create 
the  display  of  1,000  undensified  tiles 
on  the  lower  surface  of  the  Orbiter  in 
Fig.  16.  These  tiles  are  annotated 
with  an  integer  1-10.  Each  integer 
indicates  a  group  of  100  tiles  for  a 
table  sorted  in  order  of  decreasing 
criticality  of  their  calculated  stresses. 

During  the  development  of  an  auto¬ 
mated  analysis  system  to  access  the  data, 
many  changes  in  data  organization  and 
data  content  were  made.  These  changes 
reflected  the  evolutionary  nature  of  an 
engineering  analysis  process.  For 
example,  during  development  of  the 
system,  there  was  a  continuing  modifi¬ 
cation  of  the  loads  data  as  various 
wind-tunnel  tests  were  completed 
accompanied  by  changes  in  criteria  used 
to  apply  these  loads  to  the  tiles  in 
combinations  to  give  realistic  design 
conditions.  Hence,  an  important  feature 
of  an  engineering  data  management  system 
is  the  flexibility  for  changing  the  con¬ 
tents,  not  only  addition  or  deletion  of 
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data  item*  but  also  reorganisation  or  3 

restructuring  of  the  data  base  schema. 

The  integrity  of  the  software 
system  and  security  of  the  data  was 
manifested  by  the  fact  that  no  data 
were  inadvertently  destroyed  or  lost 
because  of  system  malfunction  during 
development  and  use  of  the  tile  analy¬ 
sis  system.  The  use  of  the  automated 
system  proved  to  be  successful  in  pro¬ 
ducing  analysis  results  for  large 
numbers  of  tiles  in  a  timely  manner. 

These  results  aided  in  the  flight- 
readiness  certification  of  the  tiles 
for  the  first  Orbiter  flight  and  aided 
in  determining  which  tiles  should  be 
removed  and  densified  between  the  first 
and  second  Orbiter  flights. 

Summary  of  Data  Management/Analysis 
System 

The  application  of  an  engineering 
data  management  system  was  found  to  be 
very  effective  for  the  stress  analysis 
of  Space  Shuttle  Orbiter  tiles.  By 
use  of  this  system,  thousands  of  tiles 
can  be  analyzed  in  one  day  in  contrast 
of  the  one  man-day  of  effort  per  tile 
required  when  input  was  prepared  manual¬ 
ly.  Thus,  the  system  permitted  the 
efficient  analysis  of  thousands  of 
unique  tile/pad  combinations,  produced 
reliable  data  handling  and  effected 
easy  alteration  of  material,  load  and 
geometry  data. 


CONCLUDING  REMARKS 

Dynamic  and  static  nonlinear  analy¬ 
sis  procedures  have  been  developed  and 
applied  to  study  and  assess  the  integrity 
of  the  tile/pad  thermal  protection  system 
of  the  Shuttle  Orbiter.  The  experimental 
results  are  in  reasonably  good  agree¬ 
ment  with  analysis.  These  procedures 
gave  added  confidence  that  the  thermal 
protection  system  was  understood  and 
permitted  the  appropriate  calculation  of 
risks  for  flight.  The  stress  analysis 
results  influenced  the  densification 
and  rebonding  of  many  tiles  and  were 
used  to  establish  the  flight  readiness 
certification  of  the  tiles. 
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Fig.  2  -  Comparison  of  tile/pad  inter¬ 
face  tensile  stress  for  flexible  and 
rigid  tiles  subject  to  uniform  pressure 
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Fig.  1  -  Tile/pad  geometry  and  loads 


Fig.  3  -  Effect  of  cyclic  loading  on 
pad  material  properties 
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Fig.  4  -  Schematic  depiction  of  the 
summation  of  strain- rate  independent 
and  dependent  stresses 
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Fig.  7  Nonlinear  wave  shape  due  to 

Fig.  5  -  Schematic  depiction  of  the  two  vertical  sinusoidal  substrate  accelera- 

mechanisms  of  vertical-lateral  coupling  tion  of  30  g's  at  80  Hz 


Fig.  6  -  Variation  of  material  coupling 
effect  with  applied  shear  stress 
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Fig.  8  -  Variation  of  tile-pad  resonant 
frequency  with  amplitude  of  vertical 
sinusoidal  substrate  excitation 
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Fig.  9  -  Variation  of  lota  Factor  with 
amplitude  of  vertical  sinusoidal  sub¬ 
strate  excitation  at  resonant  frequency 
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Fig.  11  -  Comparison  of  tests  and  non 
linear  analysis  for  gains  based  upon 
rms  and  peak  tile  accelerations  under 
random  substrate  excitation 
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Fig.  12  -  Comparison  of  Rayleigh  and 
nonlinear  probability  distribution 
predictions  for  peak  tensile  bondline 
stress 
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Fig.  10(b)  -  Parametric  resonance 
stability  boundary  for  vertical 
sinusoidal  substrate  excitation 


Fig.  13  -  Scope  of  required  static 
tile  analysis 
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Fig.  14(c)  -  Nonlinear  modeling 
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Fig.  14(d)  -  Material  properties 


Fig.  14(f)  -  Load  regions 
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stress  analysis 


BUFFET  LOADS  ON  SHUTTLE 


THERMAL-PROTECTION-SYSTEM  TILES 


Char l«a  F.  Coe 
NASA  i  Asm  Research  Canter 
Moffett  Field,  California 


This  paper  presents  reaults  of  wind-tunnel  and  acoustic  tests  to  investi¬ 
gate  buffet  loads  on  Shuttle  Thermal-Protection-System  (TPS)  tiles.  It 
also  describes  the  application  of  these  results  to  the  prediction  of  tile 
buffet  loads  for  the  first  shuttle  flight  into  orbit  (STS-1).  The  wind- 
tunnel  tests  of  tiles  were  conducted  at  transonic  end  cupersonic  Mach 
numbers  simulating  flow  regions  on  the  Orllter  where  shock  waves  and 
boundary-layer  separations  occur.  The  acoustic  tests  were  conducted  in 
a  progressive  wave  tube  at  an  overall  sound  pressure  level  (OASPL) 
approximately  equal  to  the  maximum  OASPL  measured  during  the  wind-tunnel 
testa  in  a  region  of  flow  separation.  The  STS-1  buffet  load  predictions 
yielded  peak  tile  stresses  dus  to  buffeting. that  were  es  much  as 
20  percent  of  the  total  stress  for  the  design-load  case  when  a  shock  wave 
was  on  a  tila.  _ 


INTRODUCTION 

This  paper  addresses  the  problem  of  evaluat¬ 
ing  the  aerodynamic  buffet  loads  on  Shuttle 
Orblter  TPS  tiles.  The  buffet  loads  of  concern 
are  dynastic  loads  resulting  from  pressure  fluc¬ 
tuations  that  occur  on  tiles  in  regions  of  shock 
waves  and  separated  flows  during  transonic  and 
supersonic  flight  (Pig.  1). 


SHOCK  AHEAD  OF  TILE.  AERO  SEPARATION 


SHOCK  ON  TILE.  AERO  SHOCK 


U-l 


Fig.  1  -  Tile  buffet-load  cases 


There  are  many  variables  thst  affect  the 
buffet  loads  on  the  more  than  30,000  tiles  on 
the  Orblter.  The  exterior-surface  pressure 
fluctuations  are  the  fundamental  source  of 
the  excitation;  however,  the  resultent  excita¬ 
tion  of  each  tile  depends  upon  the  difference 
between  external  and  internal  pressure  fluc¬ 
tuations.  The  reactive  surfaces  to  the  excita¬ 
tion  are  the  very  thin  nonporoua  glase  on  the 
outer  surface  and  edges  of  ths  tile  and  the 
adhesive  at  the  bond  line.  (See  preceding 
paper  by  Cooper  for  description  of  tiles  and 
bonding  method.)  The  tile  interior  vents  only 
around  the  periphery  of  the  tile  at  the  bese 
of  the  gaps  between  tiles.  The  magnitude  of 
the  Internal  pressure  fluctuations  therefore 
depends  on  the  pressure  fluctuations  at  the 
base  of  the  gaps  and  the  time  constant  associ¬ 
ated  with  ths  porosity  of  the  tile  material 
and  the  vent  area.  Gap  pressure  fluctuations 
ars  an  Important  variabls  that  depends  upon 
ths  tils  thickness  and  the  gep  dimensions, 
which  can  vary  with  load  due  to  the  elasticity 
of  the  Strain  Isolation  Pad  (SIP)  and  sub¬ 
structure.  Because  of  this  complexity  and 
impossible  scaling  of  models  that  could  Include 
Ozblter  geometry,  the  only  practical  approach 
to  the  investigation  and  estimation  of  buffet 
loads  has  bean  via  wind-tunnel  tests  of  full- 
scale  tiles  using  special  fixtures  in  the-wlnd 
tunnels  to  create  the  desired  shock  wave  and 
separated-flow  environments.  Some  buffet  load 
testa  ware  also  conducted  in  an  acoustic  pro¬ 
gressive  wave  tube  to  determine  the  differences 
in  loading  due  to  aerodynamic  and  acoustic 
environments. 
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NOTATION 
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“  buffet  pitching-moment  coefficient. 

%/q.s 

-  t>uffet  normel-force  coefficient. 

V<j.s 

-  fluctuating  preseure  coefficient. 

p/q» 

-  buffet  normal  force 
"  length  of  tile 

•  buffet  pitching  moment 

-  Mach  number 

"  overall  sound  pressure  level 

-  power  spectral  density 

-  fluctuating  pressure 

•  free-stream  dynamic  pressure.  (l/2)pV2 
“  root  mean  square 

-  tile  surface  area 

-  distance  from  shock  wave  to  tile 
leading  edge 


e 

p 


-  angle  of  attack 
“  angle  of  sideslip 
“  free-stream  density 


WIND-TUNNEL  TESTS 
Apparatus  and  Instrumentation 

Several  wind-tunnel  (and  also  flight)  tests 
have  been  conducted  by  the  Shuttle  contractor, 
Rockwell  International  (RI) ,  and  by  NASA  that 
relate  to  the  buffet  problem.  Generally,  the 
tests  by  RI  were  proof  tests  with  some  measure¬ 
ments  of  tile  and  substructure  dynamic  response. 
Examples  of  tile  dynamic  response  tests  that 
were  conducted  at  Ames  Research  Center  are  shown 
in  Fig.  2.  (Also  see  accompanying  paper  by 
Shuets,  Pinson,  and  Thornton  that  describes  a 
combined  loads  test,  OS-53,  conducted  at  Langley 
Research  Center.)  In  most  tests  of  this  type, 
the  arrays  of  tiles  (like  those  shown)  were 
mounted  on  elastic  substrates  that  simulated 
the  atructura  of  the  Orbiter  at  selected  loca¬ 
tions.  Special  test  fixtures  were  also  designed 
to  simulate  the  shock  wave  and  separated  flow 
regions  on  the  Orbiter  where  high  dynamic  loads 
would  occur.  The  photograph  at  the  upper  left 
of  Fig.  2  shows  a  tiled  panel  (test  OS-36) 
installed  in  a  fixture  designed  for  the  Ames 
11-Foot  Transonic  Wind  Tunnel.  This  fixture  has 


Fig.  2  -  Examples  of  tile  dynamic  response  tests 
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a  hydraulically  activated  leading-edge  flap  that 
produces  a  transonic  recompression  shock  wave 
and  separated  flow  on  the  panel  when  the  flap  Is 
deflected.  The  upper  right  photograph  shows  the 
same  panel  mounted  in  a  ceiling  fixture  in  the 
Ames  9-  by  7-foot  Supersonic  Wind  Tunnel.  In 
this  case,  a  hydraulically  actuated  flap  is  down¬ 
stream  of  the  panel  to  produce  a  supersonic 
compression  shock  and  separated  flow  on  the 
tiles.  This  photograph  shows  the  tiles  after 
testing,  and  some  minor  damage  can  be  seen  near 
the  tile  edge,  a  result  of  tile  vibration.  The 
photo  at  the  lower  left  shows  an  array  of  thin 
tiles  with  several  cracks  that  resulted  from  the 
test  loads;  on  the  lower  right,  a  panel  is  shown 
where  there  was  a  bond-line  failure  of  diced 
tiles.  The  load  environment  and  the  failure  was 
similar  to  the  STS-1  tile  failures  on  the  Orbital 
Maneuvering  System  (OMS)  pods  that  could  be  seen 
on  the  television  pictures  of  the  Orbiter  in 
space. 

The  instrumentation  used  for  the  tile- 
response  tests  included  Scani-valves , 
fluctuating-pressure  transducers,  and  accelerom¬ 
eters.  Each  test  arrangement  included  a  cali¬ 
bration  panel  that  was  thoroughly  instrumented 
to  establish  the  environment,  and  a  test  panel 
with  a  few  sideline  pressures  to  confirm  a 
repeat  of  the  test  environment.  The  accelerom¬ 
eters  were  installed  on  the  test-panel  substrate 
and  in  some  test-panel  tiles.  The  results  of  the 
tile  dynamic  response  tests  indicated  that  the 
buffet  loads  could  be  significant,  but  quanti¬ 
tative  forces  and  momenta  were  not  obtained  that 
would  support  the  development  of  a  tile  loads 


model  (see  preceding  paper  by  Howsner) .  Addi¬ 
tional  tests,  designated  OS-52,  were  therefore 
conducted,  in  this  case  by  NASA,  to  obtain 
measurements  of  both  the  steady  and  dynamic 
tile  airloads. 

OS-52  tests  were  carried  out  in  the  Ames 
11-Foot  Transonic  Wind  Tunnel  using  the  OS-36 
panel-test  fixture  with  the  leading-edge  flap. 
For  OS-52  a  special  tile-balance  load- 
measurement  system  was  constructed  to  test 
single  tiles  of  various  thicknesses.  Photo¬ 
graphs  of  the  wind-tunnel  installation  and  air¬ 
loads  instrumentation  are  shown  in  Fig.  3. 

Figure  A  shows  additional  details  of  the  instru¬ 
mentation.  The  tile  under  tests  was  bonded 
conventionally  with  SIP  to  a  6.35  x  10“ * -meter- 
thick  (1/A- inch)  aluminum  plate,  which  in  turn 
was  supported  by  four  strain-gage  beams  attached 
at  the  corners  of  the  balance  frame.  Each 
strain-gage  beam  contained  foil  gages  for  low 
drift  and  semiconductor  gages  for  higher  output 
from  dynamic  loads.  The  tiled  plate  contained 
nine  strain-gaged  diaphragms  that  responded  to 
the  local  loads  at  the  SIP /plate  bond  line.  The 
diaphragms  were  milled  directly  into  the  plates 
by  an  initial  machine  cut  and  by  a  final  elec¬ 
trodisplacement  process  to  yield  a  thickness  of 
7.62  x  10“s  meter  (0.003  inch).  The  instrumen¬ 
tation  for  these  tests  alao  Included  non- 
contacting  displacement  probes  for  measuring 
in-plane  and  out-of-plane  displacements  and 
instrumentation  for  measuring  ateady-state  and 
fluctuating  pressures.  To  preserve  the  steady- 
state  and  dynamic  elastic  properties  of  the 


Fig.  3  -  Tile  airload  tests  in  Ames  11-Foot  Transonic  Wind  Tunnel 
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SECTION  A-A 


Fig.  4  -  Instrumentation  for  tile  airload  tests 


tlle/SIP  combination  for  OS-52,  no  instrumenta¬ 
tion  was  placed  in  the  tiles  under  test.  Sec¬ 
tion  A-A,  Fig.  4,  shows  the  cross  section  of 
one  of  the  strain-gage  beams,  the  tile,  SIP, 
tile  plate  with  a  diaphragm  load  sensor,  and 
the  cavity  beneath  the  tile  plate.  This  cavity, 
which  was  necessary  for  this  instrumentation 
approach,  was  vented  only  around  the  boundary 
of  the  tile  plate,  through  a  3.18  x  10-s-meter 
(1/8-inch)  gap  corresponding  to  the  gap  between 
the  SIP  and  filler  bar.  (The  filler  bar  is  a 
piece  of  SIP  material  at  the  base  of  the  tile 
gaps  that  is  not  bonded  to  the  tiles.)  It  is 
obvious  from  this  sketch  that  differences  in 
either  steady-state  or  dynamic  pressure  between 
the  SIP  and  cavity  would  affect  the  airload 
measurements.  Pressures  were  therefore  measured 
in  the  SIP  and  cavity  that  showed,  fortunately, 
that  the  pressure  differences  across  the  plate 
were  negligible  relative  to  the  accuracy  of  the 
force  and  local  load  measurements. 

Tile  Buffet  Load  Measurements 


Thejmeasured  buffet  normal  force  coeffi¬ 
cients,  versus  the  shock  position  on  the 


tile,  Xs/L,  are  presented  in  Fig.  5.  For  these 
tests,  the  position  of  the  shock  wave  was  con¬ 
trolled  by  varying  Mach  number  while  the 


CONFIG, 
o  1.6  0 


.06 


.06 


.04 


a 


•C3  f 


a 


e 


a 


o  2.6  B 
□  2.6  D 
o  3.6  B 
a  3.6  D 

a 

□ 


.02  ■ 

.01  • 

0 - - - ^ 

-.6  ..4  -.2 


o  a 
a 


0  .2  .4  .6  .8 

Xj/L 


a 


o 


1.0 


So  a 

_ 24 

1.2  1.4 


150 


Fig.  5  -  0S-52  aero-buffet  normal-fcrce 
coefficients 


leading-edge  flap  deflection  wee  held  constant 
at  20*.  The  strength  of  the  shock  wave  and  cor¬ 
responding  buffet  excitation  was  controlled  by 
vaiying  the  free-stream  dynamic  pressure,  q._.,  to 
correspond  with  the  nominal  launch  conditions  of 
STS-1.  Overall  sound  pressure  levels  (OASPL)  on 
the  tiles  under  test  were  approximately  161  db 
(Cprma  ■  0.077)  when  the  flow  was  separated  and 

168  dB  (Cprms  “  0.171)  when  the  shock  wave  was 

on  the  tile.  The  tile  material  was  LI  900. 
which  has  a  density  of  144  kg/m3  (9  lbs/ft3) 

The  tile  test  configuration  Is  Identified  in 
Fig.  5  by  various  symbols  that  designate  the 
tile  thickness  in  inches  (1.6  to  3.5)  and 
whether  the  tile  was  denslfied  at  the  bond  line 
(D)  or  a  baseline  tile  (B,  undensif led) .  The 
results  show  that  the  highest  buffet  normal 
forces  occurred  when  the  flow  over  the  tile 
was  separated,  Xs/L  <  0.  For  the  case  when  the 
shock  wave  was  on  the  tile,  0  <  Xs/L  <  1,  there 
Is  an  apparent  peak  in  the  buffet  normal-force 
data  at  Xs/L  -  0.4.  The  fact  that  the  buffet 
loads  were  higher  for  the  separated-flow  case 
than  for  the  shock-wave  case  is  accountable  to 
the  wider  frequency  range  of  the  pressure 
fluctuations  from  the  separated  flow. 

Figure  6  shows  the  variation  of  the  buffet 
pitching-moment  cofficients,  Cu.  ,  with  shock 

"Orms 

position.  Aa  would  be  expected  the  buffet 
response  in  terms  of  pitching  moment  or  normal 
force  have  similar  characteristics.  The  data  in 
both  forms  show  relatively  large  scatter  of  the 
plotted  points  for  the  various  configurations 
tested.  The  scatter  in  both  normal-force  and 
pitching-moment  points  results  from  several  fac¬ 
tors  relating  to  the  tile  bonding  and  SIP.  For 
example,  SIP  properties  varied  significantly  among 
the  configurations  tested.  In  most  cases  the  SIP 
was  sufficiently  elastic  to  allow  the  tiles  to 
touch  adjacent  dummy  boundary  tiles.  The  scat¬ 
ter,  unfortunately,  indicates  that  more  data 
are  needed  to  establish,  statistically,  the 
effects  of  dependent  parameters. 

PROGRESSIVE  'JAVE  TUBE  TESTS 


conservatively  simulate  the  aerodynamic 
aeparated-flow  excitation.  Figure  8,  which 
shows  the  power  spectra  of  the  two  excitations. 
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Fig.  6  -  0S-52  aero-buffet  pitching-moment 
coefficients 


Fig.  7  -  Tile  installation  in  JSC  Acoustic 
Test  Facility 


Four  tile  configurations  from  the  0S-52 
wind-tunnel  testa  were  also  tested  in  a  progres¬ 
sive  wave  tube  at  the  Johnson  Space  Center 
Acoustic  Test  Facility.  The  acoustic  tests  were 
conducted  to  determine  if  tile  buffet  loads 
resulting  from  aerodynamic  or  acoustic  environ¬ 
ments  are  significantly  different.  A  photograph 
in  Fig.  7  shows  a  tile  installation  in  the  pro¬ 
gressive  wave  tube.  The  same  force-  balance 
hardware  and  load  sensors  were  used  for  both 
the  wind-tunnel  and  acoustic  tests.  In  addition, 
for  the  acoustic  tests,  accelerometers  (ATxx) 
were  mounted  on  the  tile  surface  and  a  micro¬ 
phone  (Ml)  was  suspended  within  the  progressive 
wave  tube.  The  tile  was  positioned  with  its 
leading  edge  normal  to  the  progressive  wave 
propagation.  For  OS-52  (Fig.  3),  tiles  were 
oriented  diagonally  to  the  alrstream. 

The  OASPL  and  frequency  content  of  the 
acoustic  excitation  was  adjusted  to 
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Fig.  8  -  Power  spectra  of  acoustic  and 
aero-separation  excitations 
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indicate*  that  tha  shaping  of  the  acoustic  spec¬ 
trum  compares  with  the  aero-separation  spectrum 
within  the  frequency  range  of  the  acoustic 
driver;  however,  within  this  range  the  acoustic 
excitation  was  higher  than  the  aero-separation 
excitation.  The  OASPLs  of  the  acoustic  excita¬ 
tion  was  163  dB  and  the  aerodynamic  excitation 
was  161  dB. 

Examples  of  power  spectra  of  buffet  normal 
forces  resulting  from  scoustic  and  aerodynamic 
excitations  are  shown  in  Fig.  9.  The  first 
normal-mode  resonant  frequency  of  this  tile  on 
SIP  is  about  100  Hs.  Mo  resonant  peaks 
occurred  at  100  He,  which  is  indicative  of  the 
high  demping  of  SIP;  to  some  extent  the  rubbing 
of  the  tile  on  an  adjacent  dummy  tile  would  also 
cause  high  damping.  The  relatively  undamped 
resonant  peaks  at  about  700  He  are  from  the 
strain-gage  balance  beams.  ,  As  noted  in  Fig.  9 
the  buffet  force  resulting  from  the  acoustic 
excitation  was  significantly  higher  than  that 
resulting  from  the  aerodynamic  excitation.  The 
incremental  diffence  between  the  two  buffet 
spectra  is  larger  than  the  corresponding  dif¬ 
ference  in  the  excitation  spectra.  The  higher 
buffet  forces  would  be  expected  from  the  acoustic 
excitation  because  acoustic  pressure  fluctua¬ 
tions  are  more  highly  correlated  spatially  than 
aerodynamics  pressure  fluctuations.  Also  aero¬ 
dynamic  damping  may  significantly  reduce 
aerodynamic  buffet  forces. 

ESTIMATION  OF  TILE  BUFFET  LOADS  ON  STS-1 


and  9-  by  7-Foot  Supersonic  Wind  Tunnel.  The 
tests  extended  over  a  Mach-number  range  from  0.6 
to  2.5.  A  photograph  of  the  model  in  the 
9-  by  7-Foot  Supersonic  Hind  Tunnel  is  shown  in 
Fig.  11.  The  model,  which  waa  3.5-percent 


Fig.  9  -  Power  spectra  of  buffet  normal  forces 
due  to  acoustic  and  aero-separation  excitations, 
LI  900,  2.5B. 


The  data  obtained  from  0S-S2  were  used  to 
predict  the  tile  buffet  loads  on  STS-1  as  part 
of  an  Independent  NASA  effort  to  check  tile  loads 
and  stresses.  (All  the  various  environments 
and  loads  and  the  approach  taken  by  NASA  to 
confine  the  loads  are  discussed  by  Muraca  in  a 
preceding  paper.) 

The  method  for  estimating  the  tile  buffet 

loads  on  STS-1  is  given  in  Fig.  10.  The 

approach  taken  was  to  multiply  the  measured 

ratios  of  buffet  forces  and  moments  to  surface- 

pressure  excitation  from  OS-52  by  the  predicted 

surface-pressure  fluctuations  for  the  STS-1 

tiles.  Such  a  simple  method  was  Justified 

because  the  0S-52  tiles  were  full  scale.  Also 

the  environmental  conditions  for  the  OS-52  tests 

were  near  full  scale,  with  exr option  of  the 

OASPL  (p  )  of  the  excitetlon. 
ras 

Estimation  of  Surface-Pressure  Fluctuations 
on  STS-1 


As  mentioned  in  the  Introduction,  there 
were  two  tile  buffet-load  cases  of  concern 
(Fig.  1).  For  one  case  the  aerodynamic  flow  at 
the  tile  of  interest  is  separated,  and  for  the 
second  case  a  shock  wave  impinges  on  the  tile. 

The  tile  excitation  on  STS-1  was  deter¬ 
mined  from  two  sources.  The  primary  source  was 
the  pressure-fluctuation  measurements  obtelned 
from  RI  and  NASA  tests,  IS-2,  which  were  con¬ 
ducted  in  the  Ames  11-Foot  Transonic  Wind  Tunnel 


(Fb™)srs-1  "  (  S  )(*62  X  (""“Ls.! 

■  (■=*)  *  (*"») 

V  '  STS-1  '  P  '  OS-62  '  ^  STS-1 

Fig.  10  -  Method  for  estimating  tile  buffet 
loads  on  STS-1 
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seal*,  contained  237  dynamlc-praaaura  trans- 
ducars.  The  frequency  range  of  the  recorded 
pressure  fluctuations  was  front  5  Ht  to  40.000  He, 
which  correaponds  to  full-scale  frequencies  from 
0.2  Hz  to  1400  Hs.  Examples  of  the  variation 
with  Mach  number  of  projected  overall  aound  pres¬ 
sure  levels  (OASPL)  on  the  Orbiter  are  shown  in 
Fig.  12.  Orbiter  transducer  No .  83  was  located 
on  top  of  the  fuselage  over  the  crew  compartment.’ 
High  OASPLs  caused  by  separated  flow  are 
indicated  up  to  M  -  0.857.  and  the  effect  of  the 
shock  wave  oscillating  over  the  transducer  can 
be  seen  4th*  0.885.  Orbiter  transducer  No.  6 
was  located  on  the  bottom  of  the  fuselage 
upstream  of  the  forward  bipod  strut  that 
attaches  to  External  Tank  (ET)  to  the  Orbiter. 

In  this  case,  the  effects  of  supersonic-flow 
separation  can  be  seen. 

Data  like  those  in  Fig.  12,  which  were  com¬ 
piled  by  RI,  were  converted  to  the  excitation. 


p__8,  for  the  various  aerodynamic  aubsones  on 
STS-1  as  described  by  Muraca.  In  some  caaee, 
however,  the  IS-2  data  were  judged  to  be  insuf¬ 
ficient  to  detect  the  shock  wave.  In  these 
cases,  the  strength  of  the  shock  waves  that  had 
been  determined  for  the  idealised  shock  model 
(see  paper  b/  Muraca)  was  used  to  estimate  the 
j»rms  resulting  from  the  shock  wave.  The  value  of 
Prms  was  estimated  to  be  1/6  of  the  static- 
pressure  difference  across  the  shock  wave.  A 
substantial  amount  of  other  experimental  data 
exists  that  confirms  the  validity  of  this  ratio. 

Buffet  Excitation  of  OS-52  Tiles 

The  excitation,  CD  ,  used  to  calculate 
Krms 

the  ratio  of  buffet  loads  to  excitation  was 
based  on  measurements  of  pressure  fluctuations 
that  were  obtained  during  the  OS-36  and  OS-52 
testa.  Since  the  same  installation  fixture  was 
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Fig.  12  -  Examples  of  overall  sound  pressure  levels  on  Orbiter 


153 


used  for  both  tests,  the  dsts  could  be  conblned 
to  yield  good  longltudinel  distributions  of 
CPrBi<  in  the  vicinity  of  the  OS-52  tiles. 

CpnM  levels  vers  established  from  these  dsts 

for  sepsrsted  flow  snd  for  the  center  of^the 
shock  oscillstion.  These  two  vslues  of  CPrmt 

were  then  sdjusted  to  sccount  for  the  position 
of  the  shock  wsve  on  the  tile  ss  shown  iu 
Fig.  13.  This  excitstion  model  designated  s 
constant  Cpna  ■  0.077  when  the  flow  was 

sepsrsted  with  the  shock  ahead  of  Xa/L  «  -0.2. 

When  the  shock  wsve  oscillations  started  to 
touch  the  tile  at  Xa/L  ■  -0.2  the  Cprja8  was 

increased  to  the  measured  maximum  C.  -  0.170 

at  Xa/L  ■  0.5.  The  CPrma  was  then  allowed  to 

decrease  to  the  level  of  the  attached  boundary 
layer  at  Xa/L  -  1.2. 

Buffet  Excitation  on  STS-1 

The  buffet  excitation  on  STS-1  tiles  was 
based  on  the  aforementioned  estimation  of  sur¬ 
face  pressure  fluctuations  on  STS-1.  For  the 
separated-flow  case,  the  buffet  excitation 
applied  in  the  equations  of  Fig.  10  was  taken 
directly  from  the  IS-2  data  that  had  been  pro¬ 
jected  to  STS-1  flight  conditions,  as  illustrated 
in  Fig.  12.  For  the  aero-shock  case,  the  pressure 
fluctuations  that  were  obtained  from  IS-2  or  the 
aero-shock  model  were  adjusted  to  account  for 
the  position  of  the  shock,  Xa/L,  by  the  same 
approach  described  for  the  estimation  of  buffet 
excitation  of  OS-52  tiles.  The  STS-1  aero- 
shock  pressure  fluctuations  were  simply  multi¬ 
plied  by  the  ratio  of  buffet  excitation  to  shock 
pressure  fluctuations  versus  Xa/L  shown  in 
Fig.  14;  this  ratio  was  obtained  by  normalizing 
the  OS-52  buffet  excitation  (Fig.  13).  For 
both  cases,  when  IS-2  data  were  used,  the  upper 
bound  of  the  IS-2  data  was  taken  when  there  was 
more  than  one  measurement  within  an  aerodynamic 
subzone. 

Ratios  of  Buffet  Forces  and  Momenta  to  Excitation 

The  ratios  of  buffet  forces  and  moments  to 
excitation  that  were  applied  to  the  prediction 
of  STS-1  tile  buffet  loads  are  shown  in  Figs.  15 
and  16.  These  ratios  were  obtained  by  dividing 
the  forces  and  moments  from  OS-52  (Figs.  5  and  6) 
by  the  OS-52  buffet  excitation  (Fig.  13).  The 
dashed  lines,  which  approximate  the  nominal 
trends  of  the  data,  are  the  ratioa  used  in  ths 
loads  model.  The  upper  bounds  of  these  data  were 
not  used  in  the  loads  model  in  order  to  avoid 
conservatism.  Some  confidence  in  the  loads  model 
is  provided,  however,  by  the  good  correlation  of 
some  Independent  buffet  loads  data  that  were 
obtained  from  test  OS-53A  (filled  symbols  in 
Figs.  15  and  16).  OS-53  is  described  in  an 

accompanying  paper  by  Shuetz,  Pinson,  and 
Thornton. 


X,/L 


Fig.  13  -  Buffet  excitations  of  OS-52  tiles 


Xj/L 


Fig.  14  -  Ratio  of  buffet  excitation  to 

rrms 

of  shock  wave  at  center  of  tile  on  STS-1 
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Fig.  15  -  Ratio  of  buffet  normal  force  to 
excitation 
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Peak  Buffet  Lo»d»  and  St1 


The  buff«t  load*  on  STS-1  were  estimated 
by  applying  the  aquations  In  Fig.  10.  The 
ratios  F^/p  and  %/p  wars  represented  by  the 
dashed  lines  in  Figs.  IS  and  If. 

CONFIG, 
o  1.6  0  OS-62 
o  2.5  B  OS-52 
a  2.6  0  OS-52 


Fig.  16  -  Ratio  of  buffet  pitching  moment  to 
excitation 

The  peak  buffet  loads  were  taken  to  be 
4  times  the  rms  load.  The  appropriate  peak-to- 
rms  ratio  for  this  application  was  evaluated 
from  both  OS-52  and  OS-53  test  data.  Examples 
of  peak-to-rms  measured  from  OS-53  data  are 
shown  in  Table  1. 

TABLE  1 

Peak-to-rma  Ratios  of  OS-53  Tile  Buffet 
Normal  Forces 


“  44  ‘  54  N  <10  -  1*  lbs) 

*\pk  *  “  1.8  N-m  (14  -  16  in-lbs) 

%k  *  9*600  "  10»300  N/m*  (1*4  -  1.5  lbe/in4) 


These  buffet  loads  were  estimated  for  the 
undenalfled  tiles  that  were  on  STS-1  in  under- 
wing  and  under-mid-fueelage  subsones.  Stresses 
due  to  tile  aero  buffet  were  about  20  percent 
of  the  total  estimated  tile  stresses. 

CONCLUDING  REMARKS 

This  paper  has  described  the  method  used 
by  NASA  to  estimate  TPS  tile  aerodynamic  buffet 
loads  on  STS-1.  The  method  was  based  on  a 
simple  buffet-loads  model,  which  was  developed 
from  tile  dynamic  force  and  moment  measurements 
obtained  in  wind  tunnels.  The  model  established 
the  buffet  loads  versus  the  position  of  the 
shock  wave  on  a  tile  as  a  function  of  the 
buffet  excitation.  The  paper  also  described 
the  estimation  of  the  buffet  excitation  on 
STS-1. 


The  buffet-loads  model  was  established 
from  a  relatively  small  amount  of  wind-tunnel 
data  which  had  substantial  scatter.  The  model 
represented  the  approximate  nominal  trends  of 
the  data  rather  than  upper  bounds,  to  avoid 
undue  conservatism  in  the  predicted  STS-1  buffet 
loads.  Additional  tests  of  tile  buffet  loads, 
to  establish  the  effects  of  important  parameters 
and  to  Improve  the  confidence  of  future  buffet¬ 
load  predictions,  have  been  recotmsended . 


Run 

Max 

Min 

Mean 

St.  Dev. 

Max-mean 

St .  dev . 

1 

20.0 

-7.9 

6.7 

3.50 

3.80 

3 

32.8 

-5.7 

11.6 

4.50 

4.61 

5 

22.1 

-3,4 

9.7 

3.40 

3.65 

7 

37.4 

7.0 

23.9 

3.35 

4.03 

_ 

TO?  t  4  -  4.02 

As  previously  discussed  by  Mur sea,  the 
design  load  case  for  STS-1  was  the  load  combi¬ 
nation  when  a  shock  wave  was  on  a  tile.  Some 
typical  peak  buffet  normal  forces  (F^^),  Pitch¬ 
ing  moments  (%^)  ®r>d  stresses  (S  pk) ,  resulting 

from  the  combination  of  forces  and  moments  when 
a  shock  wave  was  on  a  tile,  are  as  follows: 


155 


UNSTEADY  ENVIRONMENTS  AND  RESPONSES  OF  THE 
SHUTTLE  COMBINED  LOADS  ORBITBR  TEST 


P.  H.  Schuetx 
Rockwell  Intermtkmsl 
Downey,  California 

L.  D.  Pinion  end  H.  T.  Thornton,  Jr, 
NASA  Langley  Research  Center 
Hampton,  Virginia 


Both  aeparate  and  combined  wind  tunnel  and  vibration  shaker  testa  were  conducted  on 
twt  structural  panels  representative  of  the  Shuttle  or  biter  in  the  NASA  LaRC  8-foot 
transonic  pressure  tunnel  (ITT)  to  determine  the  effects  of  combined  loads  on  the  thermal 
protection  system  (TPS).  The  primary  objective  of  this  teat  was  to  provide  a  combined 
full-scale  load  environment  and  real  otic  time  history  of  the  dynamic  pressures,  Mach 
numbers  (through  transonic},  and  dynamic  structural  responses  of  these  panda.  Use  panels 
were  selected  from  arbiter  locations  where  interactive  load  sources  such  as  aerodynamic 
shock  waves,  turbulent  boundary  layers,  strut-induced  vortidty ,  and  substrate  deformation 
combined  to  provide  high  bonding  loads  between  the  TPS  and  die  or  biter  structure. 

The  test  panels  for  this  program  were  highly  instruipented  with  static  and  dynamic 
pressure  gages,  accelerometers,  deflects  meters,  strain  gages,  Schilcren  and  high  speed 
photography,  and  special  instrumentation  necessary  to  determine  TPS /structure  interface 
loads  and  tile  motions.  Two  test  specimens  of  each  orbiter  pend  were  utilised.  Both  were 
high-fidelity  representations  of  the  selected  orbiter  location.  The  fast  panel  (calibration 
pend)  for  each  test  was  utilised  to  calibrate  the  tunnel  and  shaker  system  as  well  as  provide 
a  dategathering  source  for  applied  static  and  dynamic  loads.  The  second  pend  (test  panel) 
for  each  test  was  subjected  to  flight  time  exposures  only  so  that  TPS  characteristics  as  a 
function  of  flight  million  exposure  could  be  determined.  These  teats  were  the  last  in  a  series 
that  was  successfully  completed  and  necessary  to  certify  the  TPS  prior  to  the  first 
launching  of  the  Shuttle. 


INTRODUCTION 

The  combined  loads  orbiter  test  (CLOT)  program  was 
part  of  the  TPS  flow  test  program  that  was  initiated  after 
flow-induced  TPS  problems  were  found  during  the  ferry 
flight  of  Orbiter  102  from  California  to  Florida.  The 
problems  included  migration  of  the  filler  material  in  wide  tile 
gaps,  lifting  of  mini-tiles,  and  loosening  of  tiles  with  smdl 
bonding  surface  areas.  The  objectives  of  the  flow  test 
program  were  to  obtain  detailed  steady  and  unsteady 
aerodynamic  pressure  data  for  TPS  analyses,  obtain  TPS 
failure  modes  data,  and  to  demonstrate  the  aoility  of  the  TPS 
:o  endure  the  most  severe  pressure  gradients  and  aerody¬ 
namic  turbulence  expected  on  the  orbiter  surfaces.  Areas 
from  which  TPS  configurations  were  selected  for  flow  tests 
are  shown  in  Fig.  1.  Flow  tests  were  conducted  in  wind 
tunnels  at  NASA  Ames  Research  Center,  USAF  Arnold 
Engineering  Development  Center,  and  NASA  Langley 


Research  Center  (LaRC),  as  well  as  on  F-15  and  F-104 
aircraft  at  NASA  Dryden  Flight  Research  Center. 

The  CLOT  program  consisted  of  wind  tunnel  tests  of 
two  full-scale  panels  designated  CLOT  20-A  and  CLOT  20-C. 
These  panels  represented  locations  on  the  orbiter  forward 
fuselage  underbody  as  shown  in  Fig.  1.  They  were  subjected 
to  realistic  time  histories  of  the  dynamic  pressure  and  Mach 
numbers  that  they  would  be  subjected  to  during  the  period 
of  highloading  in  actusl  flight.  Both  panels  were  of 
high-fidelity  structural  skin  and  tile  configuration.  These 
panels  were  selected  because  of  high  combined  tile  loads. 
CLOT  panel  20-A,  located  downstream  of  the  forward 
orbiter/extemal  tank  (ET)  attachment  (bipod),  was  selected 
because  of  the  structural  flexibility  and  large  pressure 
gradients  in  this  area  during  the  maximum  Q  period  of  ascent 
flight.  The  pressure  gradients  and  highly  turbulent  flow  aft  of 
the  bipod  made  this  a  prime  candidate  for  e  combined  loads 
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test  specimen.  CLOT  panel  20-C,  located  ahead  of  the  bipod, 
was  selected  because  of  the  unusual  tile  footprints  on  the 
nose  landing  gear  door  and  the  high  aerodynamic  shock  load 
associated  with  a  compression  shock  that  forms  in  front  of 
the  attachment  during  ascent  supersonic  flight. 

The  primary  objectives  of  the  CLOT  test  program  were 
to  verify  that  the  tiles  remained  attached  during  exposure  to 
the  aerodynamic  environments,  and  that  the  surface  rough¬ 
ness  (step  and  gap)  remained  within  the  specification 
following  the  test.  Additional  objectives  were  to  obtain  test 
data  of  static  and  dynamic  pressure,  loads,  and  deflection, 
which  would  support  on-going  analysis  and  math  models. 


aft  of  the  bipod.  The  panel  measured  1.66  m  (65.3  in.)  in  the 
stream-wise  direction  (X-axis)  and  1.24  m  (49  in.)  in  the 
crosswise  direction  (Y-axis).  Basic  construction  consisted  of 
0.18  cm  (0.071  in.)  aluminum  skin  with  hat  section  stringers 
in  the  stream-wise  direction,  located  on  9.85  cm  (3.88  in.) 
centers.  Two  major  frames  and  one  mini-frame  in  the 
crosswise  direction  completed  the  panel  construction,  which 
was  mounted  in  an  I-beam  box  frame.  Most  of  the  panel  was 
covered  with  higher  strength  densifled  tiles  having  a  weight 
density  of  9  pcf  and  mounted  on  suain  isolator  pads  (SIP) 
having  a  thickness  of  0.041  cm  (0.16  in.),  which  were  then 
bonded  to  the  skin  using  flight  vehicle  installation  and 
inspection  procedures.  Foam  tiles  of  the  same  density 
covered  the  remainder  of  the  test  panel. 

Except  for  the  tiles,  a  CLOT  20-A  calibration  panel  of 
identical  configuration  was  also  constructed.  This  panel  had 
all  but  one  selected  tile  made  of  foam  and  was  utilised  to 
calibrate  the  tunnel  to  ascertain  aerodynamic  and  instrumen¬ 
tation  checkout.  This  eliminated  unnecessary  life  cycles  being 
applied  to  the  test  panel  during  calibration  and  checkout. 


TEST  FACILITY 

The  LaRC  2.44  m  (8  ft.)  transonic  wind  tunnel  facility 
was  utilized  to  test  both  CLOT  panels.  This  facility  has  the 
capability  to  provide  a  time  history  simulation  of  the  Q  and 
Mach  numbers  (Fig,  2)  that  are  experienced  during  orbiter 
flight.  The  tunnel  Mach  numbers  were  varied  from  approxi¬ 
mately  Mach  equals  0.6  Mach  equals  1.3  with  dynamic 
pressures  up  to  approx  ,._.ely  815  psf  to  meet  the  total 
objectives  of  this  test  program.  Tunnel  Mach  numbers  were 
controlled  by  adjusting  the  tunnel  diffuser  flaps  to  follow  the 
desired  Q  on  die  panel.  Local  Mach  and  Q  values  varied  over 
the  panels;  however,  the  tests  were  controlled  by  measure¬ 
ments  located  on  tiles  in  the  center  of  the  tile  test  area.  A 
hydraulic  shaker  system  was  installed  beneath  the  tunnel  test 
section  (Fig.  3)  to  provide  a  dynamic  forcing  function  to  the 
panel  (CLOT  20-A)  during  the  wind  tunnel  operation. 

TEST  PANEL  CLOT  20-A 

The  CLOT  20-A  test  panel  consisted  of  a  replica  section 
of  the  structure  from  the  orbiter  lower  forward  fuselage  just 


AIMLON 


Torvtiw 


KDE  VIlYl 


Fig.  3  -  Wind  tunnel  test  configuration  for  panel 
aft  of  external  tank  to  orbiter  connection ; 
CLOT  2 CM 
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There  was  also  a  large  amount  of  instrumentation  to 
define  the  applied  static  and  dynamic  loads  as  well  as 
response  parameters.  To  avoid  interference  between  measure¬ 
ments,  it  was  decided  to  install  load  instrumentation  on  the 
calibration  panel  and  response  instrumentation  on  the  test 
panel.  A  picture  of  the  test  panel  installed  in  the  wind  tunnel 
is  shown  in  Figs.  4  and  5.  Fig.  6  shows  panel  tile  configura¬ 
tion  and  instrumentation.  The  sice  of  the  wind  tunnel  test 
section  by  necessity  limited  the  size  of  the  CLOT  test  panels. 
As  a  result,  significant  lower  frequency  vibration  responses 
were  not  excited  by  the  pressure  fluctuations  in  the 
aerodynamic  flow,  unlike  the  lower  forward  fuselage  of  the 
orbiter,  which  the  test  panel  purported  to  represent.  If  no 
further  action  were  taken,  the  lack  of  lower  frequency  panel 
response  would  cause  undertesting  of  the  tiles.  The  test  panel 
had  a  fundamental  natural  frequency  of  approximately  75  Hz 
while  the  orbiter  structure  exhibited  significant  responses 
down  to  below  25  Hz. 
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Fig,  6  -  Test  configuration  for  CLOT  2<K4  test  panel 


Fig.  4  -  CLOT  20-A  installation  in  LaRC  8  foot  TFT 


To  avoid  the  undesirable  undertest  of  the  tiles,  it  was 
decided  to  utilize  a  shaker  system  to  simulate  the  low 
frequency  response  of  the  orbiter  (Fig.  7).  The  low  frequency 
vibration  was  determined  from  the  vibration  response 
of  a  larger  forward  fuselage  panel  (FFA-04)  in  a 
reverberant  acoustic  test  and  from  modal  surveys  conducted 
on  both  FFA-04  and  Orbiter  101  (see  Ref.  ( 1  and  2] ).  The 
modal  data  were  compared  to  determine  which  modes  of 
FFA-04  were  unrealistic,  i.e.,  fixture  or  facility  related, 
compared  with  the  orbiter.  These  responses  were  then 
omitted  and  a  total  adjusted  rms  acceleration  (12.5  grms) 
below  75  Hz  was  determined.  To  avoid  double  driving  the 
fundamental  mode  of  the  CLOT  20-A  panel,  which  would 
already  be  driven  by  the  wind  tunnel  environment,  the  shaker 
system  was  designed  to  provide  excitation  up  to  55  Hz. 
Because  the  vibration  below  55  Hz  provided  nonresonant 
loading  to  the  tiles,  it  was  only  necesv  i  y  to  simulate  the  rms 


Fig,  5  -  CLOT  20-A  being  installed  in  LaRC  8  foot  TFT 


Fig.  7  •  Hydraulic  shaker  system  for  CLOT  20-A 


Acceleration  and  not  necessarily  the  spectrum  shape.  (The 
first  mode  of  the  ti!-^  on  SIP  was  expected  at  approximately 
160  He,  so  redistributing  lower  frequency  vibration  had  no 
appreciable  effect  on  their  response.)  Random  vibration  was 
applied  bv  the  shaker  to  duplicate  the  peak  distribution  that 
would  be  encountered  in  flight.  To  avoid  an  unrealistic 
interaction  between  the  random  vibration  displacement  of 
the  panel  and  the  boundary  layer,  the  shaker  system  input 
was  limited  to  frequencies  above  35  Ht.  This  limited  panel 
peak  displacement  to  less  than  0.51  cm  (0.2  in.),  compared 
with  a  boundary  layer  thickness  of  2.54  cm  (1.0  in.). 

The  test  panel  was  mounted  flush  to  the  floor  of  the 
test  section  of  the  2.44  m  (8  ft)  LaRC  tran.onk  wind  tunnel 
(as  shown  in  3).  The  test  panel  was  supported  by  a 
fixture  artachcd  to  a  hydraulic  shaker,  which  was  in  turn 
reacted  by  a  50,000  pound  mass  supported  on  air  bags.  (See 
Fig.  7.)  The  fixture  was  guided  by  a  set  of  four  bearings. 

A  bipod  was  mounted  upstream  of  the  test  panel 
(Fig.  3)  to  provide  the  shock  and  separated  flow  on  the  test 
panel  in  simulation  of  the  orbiter  environment.  To  conduct 
each  test  cycle  the  tunnel  airspeed  was  increased  to  a  Mach 
number  of  approximately  0.6.  Then  the  shaker  was  brought 
up  to  full  level  and  the  tunnel  cycled  up  to  Mach  1.4  and 
back  to  Mach  0.6.  Then  the  shaker  and  air  flow  were  shut 
down.  This  cycle  produced  the  desired  Mach  number  versus 
Q  curve  shown  in  Fig.  2.  Because  only  one  test  panel  is 
exposed  to  the  combined  wind  tunnel  and  shaker  loads,  some 
accounting  must  be  made  for  the  statistical  scatter  in  fatigue 
life  that  might  have  occurred  if  several  panels  had  been 
tested.  Using  the  precedent  set  by  DOD  in  Ref.  [3],  the 
orbiter  contract  specified  that  a  scatter  factor  of  4  be  used 
for  fatigue'type  loading  on  one  specimen,  thus  four  exposure 
cycles  were  determined  to  constitute  one  flight  mission. 


utilised  on  all  internal  tile  measurements  to  avoid  a  reference 
pressure  tube  across  the  SIR  interface.  Small  wires  with  a 
loop  at  the  SIP  interface  were  utilised  on  accelerometers  and 
dynamic  pressure  within  the  tiles  to  minimise  stiffness 
characteristics  across  the  SIP  interface.  Eighteen  accelerom¬ 
eters  were  buried  in  four  different  tiles  to  define  total 
dynamic  motion.  An  additional  16  accelerometers  were 
utilised  to  monitor  and  evaluate  the  structural  responses. 
Four  proximity  measuring  devices  were  located  under  one 
tile  with  small  metal  targets  located  on  the  tile  to  determine 
the  relative  motion  between  the  tile  and  the  structure.  The 
tame  tile  was  also  instrumented  with  internal  accelerometers. 
Another  tile  area  was  instrumented  with  load  diaphragms  to 
measure  the  tensile  force  between  the  SIP  and  the  structure. 
The  calibration  of  these  nine  measurements  was  such  that 
momenta  and  normal  forces  could  be  determined  on  that 
specific  tile.  Fig.  5  shows  the  instrumentation  wiring  benetth 
the  panel  prior  to  installation  in  the  tunnel.  A  summary  of  all 
instrumentation  is  shown  in  Fig.  6. 

TEST  PANEL  CLOT  20-C 

The  CLOT  20-C  panel  consisted  of  a  replica  of  the  aft 
1.02  m  (40  in.)  of  the  orbiter  nose  gear  door  (located  just 
forward  of  the  bipod),  bipod  (reduced  to  half  ake),  and 
associated  tiles  and  fuselage  structure  between  the  bipod  and 
door.  (See  Fig.  8.)  The  bipod  was  movable  from  approxi¬ 
mately  5.1  cm  (2  in.)  upstream  (nearer  to  the  panel)  to 
approximately  25.4  cm  (10  in.)  downstream.  This  allowed 
for  proper  location  of  the  compression  shock  on  the  test 
specimen.  The  highest  shock  load  was  predkted  to  occur  at 
Mach  2.4,  but  the  tunnel  was  only  capable  of  providing 
Mach  1.4.  Proper  shock  strength  was  controlled  with  tunnel 
Q  conditions,  and  shock  location  was  controlled  with  bipod 
size  and  location. 


Instrumentation  for  the  CLOT  20-A  test  and  calibration 
panels  consisted  of  static  pressures,  dynamic  pressures,  strain 
gages,  accelerometers,  deflectometers,  and  load  measuring 
diaphragms.  Each  panel  had  in  excess  of  200  measurements 
that  were  recorded  on  either  FM  tape  or  digital  computer. 

The  calibration  panel  that  was  used  to  establish  the 
desired  wind  tunnel  operating  conditions  was  instrumented 
with  surface  dynamic  pressures  (94)  and  surface  static 
pressure  measurements  (28).  In  addition,  25  static  pressure 
measurements  and  10  dynamic  pressure  measurements  were 
located  beneath  and  between  the  tiles.  Six  additional 
dynamic  pressures  were  potted  inside  the  one  real  tile  located 
on  the  calibration  panel.  Fifteen  strain  gages  were  located  on 
the  structure  to  monitor  and  evaluate  the  surface  strains  that 
contribute  to  SIP/tile  loadings.  Sixteen  accelerometers  were 
also  located  on  the  structure  to  evaluate  the  dynamic 
response. 

The  test  panel  was  instrumented  with  28  surface 
dynamic  pressure  and  28  static  pressure  measurements.  An 
additional  50  static  pressure  measurements  and  21  dynamic 
pressure  measurements  were  made  beneath,  between,  and 
inside  the  tiles.  Absolute  dynamic  pressure  instruments  were 


Fig,  8  -  Nose  wheel  door  panel  lest  configuration; 
CLOT  20-C 


Fig.  9  •  C LOT  20C  initiation  in  LaRC  t  foot  TPT 


The  CLOT  20-C  door*  were  constructed  from  10.16  cm 
(4  in. )  thick  aluminum  honeycomb.  To  this  were  bonded 
skewed  densified  tiles  of  approximately  15.34  cm  by 
10.16  cm  by  4.45  cm  (6  in.  by  4  in.  by  1.75  in.},  using  flight 
vehicle  installation  and  inspection  procedures.  Eleven  tiles 
were  made  of  22  pet  silica  and  bonded  on  0.229  cm 
(0.090  in.)  SIP.  Ten  tiles  were  made  of  9  pef  silica  and 
bonded  on  0.41  cm  (a  160  in.)  SIP.  This  test  panel  was  also 
mounted  flush  to  the  wind  tunnel  floor.  Foam  tiles  covered 
the  remainder  of  the  panel.  Figs.  8,  9,  and  10  show  the  test 
setup  and  instrumentation.  Because  of  the  rigidity  of  this 
panel,  only  the  aerodynamic  shock  presented  a  loading 
problem  to  the  tiles.  Predicted  vibration  levels  far  the  doors 
during  flight  were  low,  thus  eliminating  the  need  for  a  shaker 
to  simulate  low  frequency  loading.  A  wooden  calibration 
panel  was  installed  prior  to  the  test  panel  to  calibrate  the 


Fig,  tO  ■  Test  configuration  for  C LOT  20-C  test  panel 


tunnel  and  to  verify  aerodynamic  shock  locations  and  shock 
strengths.  During  this  phase  a  procedure  to  position  the 
bipod  was  developed  to  maintain  the  shock  at  its  prope*- 
location.  During  testing  the  tunnel  was  cycled  through  a 
Mach  number  range,  similar  to  that  used  for  CLOT  20-A,  to 
that  the  shock  strength  and  location  duplicated  that 
predicted  for  the  orbiter  in  flight. 

Instrumentation  for  the  CLOT  20-C  test  panel  consisted 
of  static  and  dynamic  pressure  gages,  strain  gages,  and 
accelerometers  (approximately  130  total  measurements). 
These  were  recorded  on  either  FM  tape  or  digital  computers. 
Nineteen  static  pressure  measurements  were  located  around 
or  on  the  test  specimen  while  an  additional  44  were  mounted 
beneath  and  between  test  tiles  to  determine  loads.  Twenty- 
four  dynamic  pressure  gages  were  located  around  the 
perimeter  or  on  the  test  specimen,  and  16  additional  were 
mounted  beneath  in  the  SIP  and  between  the  dies.  Two  tiles 
were  instrumented  with  seven  accelerometers  each,  which 
were  potted  internally  to  measure  tile  response  in  six  rigid 
body  degrees  of  freedom.  Eight  accelerometers  and  four 
strain  gages  were  located  on  the  structure  to  monitor 
structural  response. 

A  flight-type  microphone  was  also  installed  that 
protruded  through  the  tile  and  was  flush  with  the  exterior 
surface  of  the  tiles.  Also  a  flight-type  pressure  measurement 
was  installed  beneath  one  test  tile  in  SIT. 

TEST  RESULTS  -  CLOT  20-A 

Worst-case  aerodynamic  flight  environments  for  the 
lower  forward  fuselage  aft  of  the  bipod  were  conservatively 
simulated  in  the  CLOT  20-A  test.  The  TPS  demonstrated  the 
ability  to  withstand  these  environments  without  serious 
degradation  or  damage. 

The  first  Shuttle  flight,  STS-1,  followed  relatively 
benign  trajectory.  The  maximum  dynamic  pressure  wss 
limited  to  610  psf.  This  was  well  below  the  maximum  Q  of 
775  psf  used  in  the  CLOT  20-A  tests.  It  is  expected  that 
future  flights  will  approach  these  higher  dynamic  pressures. 
Because  of  the  difference  in  Q  between  CLOT  20-A  and 
STS-1,  comparisons  between  test  panel  and  flight  vehicle 
dynamic  responses  should  be  scaled  by  the  dj'.crence  in  Q  of 
2.3  dB.  As  can  be  seen  in  11,  the  STS-1  acoustic  data 
would  agree  with  CLOT  20-A  above  65  Hs  if  it  was  adjusted 
by  this  2.3  dB  difference.  CLOT  20-A  would  show  some 
conservatism  below  65  Hs;  however,  if  a  flight  microphone 
on  the  orbiter  had  been  located  closer  to  the  region 
represented  by  the  CLOT  20-A  test  band,  some  of  this 
conservatism  may  have  disappeared.  Fig.  12  shows  a  distribu¬ 
tion  of  dynamic  rms  pressures  over  the  CLOT  20-A  panel. 
These  are  consistent  with  predicted  values  from  IS-2  model 
tests  of  approximately  164  dB  for  this  area. 

The  CLOT  20-A  control  point  was  at  approximately 
Xo450  and  the  STS-1  microphone  was  at  Xc500.  A  typical 
structural  vibration  measurement  on  the  CLOT  20-A  panel  is 
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Fig.  1 1  -  Surface  acoustic  levels  for  CLOT  2 (FA 
versus  STS-1  and  predicted  (IS-2) 
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Fig.  12  -  RMS  pressure  distributions  panel  aft  of  bipod; 

CLOT  20-  \ 

shown  in  Fig.  13  along  witi  an  STS-1  measurement  from  a 
similar  location.  The  CLOT  20-A  response  below  65  Hz  was 
primarily  from  the  excitation  pplied  by  the  shaker  system, 
while  the  response  above  65  Hz  was  primarily  caused  by  the 
aerodynamic  environment.  The  STS-1  vibration  data  should 
also  be  scaled  up  by  approximately  2.3  dB,  as  previously 
explained,  for  comparison  to  CLOT  20-A.  This  wr  uld  still 
show  conservative  responses  except  in  the  100  Hz  to  130  Hz 
range;  however,  as  mentioned  previously,  only  the  rms  value 
below  the  first  mode  of  the  tile  at  160  Hz  is  considered 
important.  Comparison  shows  that  the  CLOT  20-A  rms  value 
below  160  Hz  exceeds  that  for  the  orbitcr  in  flight  when 
scaled  for  Q. 

The  structural  integrity  of  the  SIP  and  tiles  were  verified 
for  25  missions  under  the  conservative  test  conditions. 
Additional  testing  was  not  considered  useful  since  the  tiles 
and  SIP  v/ere  not  being  exposed  to  other  environments  such 
as  moisture  and  heating.  The  tile  surface  roughness  (step  and 
gap)  remained  essentially  constant  after  the  first  mission 
(four  cycles).  Some  chipping  of  the  tile  coating  did  occur 
following  the  first  mission  and  some  erosion  of  the  tiles  did 
occur  in  these  areas.  Erosion  appeared  more  severe  in  the 


Fig.  13  -  Panel  vibration  response  for  CLOT  20-A 
versus  STS-1 

crack  areas  between  tiles  than  on  surface  areas.  This  erosion 
was  not  considered  a  serious  problem  because  this  type  of 
anomaly  can  easily  be  found  by  inspection  and  the  tiles 
replaced  before  any  danger  exists.  Fig.  14  shows  a  picture  of 
these  surface  chips  on  the  CLOT  20-A  test  panel  after 
25  missions.  Because  chipping  is  not  a  fatigue  phenomenon, 
the  100  cycles  (25  missions)  would  most  likely  represent  100 
missions  as  far  as  chipping  and  erosion  were  concerned. 

TEST  RESULTS  -  CLOT  20-C 

The  test  environment  for  this  test  panel  was  adequately 
duplicated,  as  shown  in  Fig.  15.  IS-2  model  test  data  were 
utilized  as  a  criteria  in  addition  to  other  calculated  aero 
parameters.  Fig.  15  presents  the  IS-2  model  data  and  one 
STS-1  flight  data  point  that  compare  favorably  with  the 
CLOT  20-C  environment.  Again,  it  should  be  noted  that  the 
STS-1  fli^it  maximum  Q  was  lowrr  than  nominal,  which 
would  have  the  effect  of  lowering  the  one  flight  data  point. 


Fig.  14  -  CLOT  20-A  after  25  missions 
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STATIC  I 


Fig.  IS  ■  CLOT  MFC  test  panel  pressure  distributions 
(Po  =  1  ATM,  Ma  =  U6S5) 


Fig.  16  was  photographed  after  25  missions  of  testing. 
Although  no  damage  is  visible  in  the  photograph,  some  small 
chips  were  found  on  the  tile  where  they  had  apparently 
contacted  each  other.  This  damage  was  minimal.  The  tile 
surface  roughness  remained  essentially  constant  after  the  first 
mission  (four  cycles). 


CONCLUSIONS 

The  test  program  met  the  major  test  objectives  in  that 
no  tiles  were  lost  and  that  surface  roughness  remained  within 
limits  required  for  thermal  entry  requirements.  All  test  levels 
were  considered  adequate  or  conservative.  The  additional 
data  obtained  from  this  test  program  to  support  analysis  and 
math  models  have  been  in  part  reviewed  by  various 
disciplines  and  in  general  have  verified  that  the  math  models 
have  predicted  conservative  loads.  These  data  are  still  being 
utilized  in  developing  and  verifying  analytical  approaches  to 
certifying  the  TPS  lystem. 

REFERENCES 

1.  R.  A.  Stevens,  “Engineering  Analysis  Report  Foward 
Fuselage  Underbody  (FFA-04)  Acoustic  Fatigue  Certifi¬ 
cation  Test,”  Rockwell  SOD  80-0496,  Dec.  1980 

2.  Structural  Dynamics  Research  Corporation,  “Final 
Report  for  Modal  Testing  of  Space  Shuttle  Enterprise 
(OV-101)  Forward  and  Mid-Fuselage  and  Wing  Panels  to 
Identify  Critical  Modes  and  Boundary  Condition 
Effects,”  Structural  Dynamics  Research  Corporation  - 
Western  Operations,  Feb.  6,  1981 

3.  Anonymous,  “Airplane  Strength  and  Rigidity  Reli¬ 
ability  Requirements,”  Military  Specification 
M1L-A-008866A,  Mar.  31,  1975,  par.  3. 1.1.1 


Fig.  1 6  •  CLOT  20-C  after  25  missions 


163 


SPACE  SHUTTLE  MAIN  ENGINE  DYNAMICS 
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The  initial  structural  design  of  the  Space  Shuttle  Main  Engine  was  capable 
of  withstanding  all  known  shock  and  vibratory  loads  to  be  encountered  dur¬ 
ing  Its  useful  life.  However,  during  the  development  stage,  some  unexpected 
dynamic  loads  were  uncovered  that  required  redesign.  The  successful  incor¬ 
poration  of  the  knowledge  of  shock  and  vibration  loads  gained  during  the 
development  of  these  engines  led  directly  to  the  first  successful  flight, 
and  will  ensure  future  successful  flights  of  the  Space  Shuttles.  This 
paper  Is  a  review  of  the  development  of  the  Space  Shuttle  Main  Engine  zonal 
vibration  criteria,  laboratory  vibration  tests  using  zonal  criteria  to  veri¬ 
fy  life  of  engine  components,  and  the  resolution  of  unexpected  structural 
problems  In  turbine  blades  and  In  the  main  Injector  liquid  oxygen  post  due 
to  hot-gas  flow.  Hardware  modifications  were  made  to  resist  the  dynamic 
loads  associated  with  the  vibration  environments  and  the  hot-gas  flow  phen¬ 
omena  until  long  lead  time  redesigns  could  be  Incorporated.  This  experience 
and  knowledge  will  add  to  the  data  base  of  Information  useful  to  the  design 
of  future  liquid  rocket  engines. _ 


INTRODUCTION 

The  Space  Shuttle  Main  Engines  (SSME)  were 
designed  and  developed  by  the  Rocketdyne  Divi¬ 
sion  of  Rockwell  International  under  contract  to 
NASA's  Marshall  Space  Flight  Center.  One  of  the 
many  essential  aspects  of  the  design  is  to  pro¬ 
vide  structural  adequacy  to  withstand  the  numer¬ 
ous  shock  and  vibration  loadings  and  still  main¬ 
tain  a  light,  fllghtwelght  configuration. 
Therefore,  It  was  essential  that  shock  and 
vibration  loads  be  considered  part  of  the  struc¬ 
tural  dynamic  effort  In  four  areas  that  were  In¬ 
fluenced  by  dynamic  considerations  during  the 
development  phase  of  the  program  and  changed  the 
structural  configuration  of  the  engine: 

1.  Development  of  zonal  vibration  cri¬ 
teria— Initially,  criteria  predictions 
were  ba:?d  on  previous  rocket  engine 
experience  and  subsequently  modified 
as  actual  SSME  test  data  became  avail¬ 
able. 

2.  Design  verification  specification  (DVS) 
test  programs  that  Identified  weak¬ 
nesses  In  a  few  components  that  did  not 
lend  themselves  to  detailed  structural 
analysis. 

3.  Analysis  of  the  high-pressure  fuel 
turbopump  (HPFTP)  turbine  blade  that 
was  extended  through  the  use  of  3-D 
finite  element  modeling  and  e/parl- 
mental  analysis.  This  analysl ;  was 
used  to  explain  airfoil  cracks  that 
were  appearing,  even  though  vibration 
dampers  were  Incorporated  to  control 


the  resonant  amplification  of  the 
stresses.  Laboratory  testing  of  the 
turbine  blades  and  complete  wheel  assem¬ 
blies  with  blades  rotating  at  full  speed 
were  utilized  to  optimize  the  damper 
design. 

4.  Liquid  oxygen  (LOX)  posts  in  the  main 
Injector  had  been  designed  with  spoilers 
to  eliminate  vortex  shedding  as  an  In¬ 
put  load.  However,  an  unexpected  com¬ 
bination  of  separated  flow,  mechan¬ 
ically  Induced  vibration,  and  acousti¬ 
cally  Induced  pressure  oscillations 
combined  to  cause  fatigue  failures. 

LOX  post  shields  and  a  change  In  mate¬ 
rial  were  used  to  provide  an  Interim 
fix  to  meet  the  Immediate  flight 
requirements. 

ZONAL  VIBRATION  CRITERIA 

The  Initial  design  of  the  SSME  accounted 
for  certain  expected  vibration  environments 
based  on  the  experience  gained  In  the  design  and 
development  of  engines  for  the  Saturn  program. 

Of  particular  Importance  was  the  knowledge  gained 
from  the  J-2  engines  that  used  the  LOX/hydrogen 
as  propellants.  Recognizing  that  the  vibration 
levels  generated  by  liquid  rocket  engines  are  a 
function  of  many  variables,  the  Initial  criteria, 
jointly  agreed  upon  by  Rocketdyne  and  NASA,  was 
based  on  an  extrapolation  of  all  available  data 
using  the  Barrett*  relationship.  This  accounted 


♦Barrett,  R.  E.,  Techniques  for  Predicting 
Localized  Vibratory  Environment  of  Rocket  Vehi¬ 
cles,  NASA  TN  D-1836,  October  1963. 
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for  the  more  Important  known  variables,  such  as 
thrust,  weight,  exit  gas  velocity,  etc. 

Vibration  Zones 


Response  zones  contain  passive  components, 
such  as  valves,  actuators,  and  sensors.  To  date, 
14  response  zones  have  been  specified  and  they 
are  designated  zones  J  through  W  (Table  1). 


Vibration  zones  were  established  as  a  means 
of  describing  the  vibration  environment  experi¬ 
enced  by  various  components  In  different  areas 
of  the  SSME.  The  zonal  'Ibratlon  criteria  spe¬ 
cified  for  these  zones  consisted  of  randan  vibra¬ 
tion  power  spectral  density  curves  augmented  by 
superimposed  sinusoids;  a  typical  criteria  Is 
presented  In  Fig.  1.  These  criteria  are  uti¬ 
lized  any  time  the  dynamic  environment  for  a 
given  component  1$  required.  Principal  uses  are 
analytical  model  excitation  forces  and  vibration 
Input  during  laboratory  tests. 
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Fig.  1.  Typical  SSME  zonal  vibration  criteria 
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The  SSME  vibration  zones  have  been  divided 
Into  two  categories— source  zones  and  response 
zones.  Source  zones  contain  the  major  areas  of 
vibration  generation  and  Include  all  turboma¬ 
chinery  and  combustion  devices.  In  all,  nine 
source  zones  have  been  defined  and  they  are  des¬ 
ignated  as  Zones  A  through  I  (Tah’d  1). 


The  zonal  vibration  criteria  were  developed 
by  acquiring  hot-fire  test  data  and  enveloping 
the  maximum  random  vibration  levels  across  the 
20-  to  2000-Hz  spectrum.  Where  turbomachinery 
generated  sinusoids  appear  above  this  random 
floor,  superimposed  sinusoids  are  utilized  to  ac¬ 
count  for  them. 

Source  Zones 


Evolution  of  the  SSME  zonal  vibration  cri¬ 
teria  followed  the  growth  of  the  SSME  from  early 
design  phase  through  rated-power  leval  (RPL)  de¬ 
velopment  (Initial  hot-fire  tests,  Rl'l  operation, 
and  flight  certification)  to  current  effort  of 
full-power  level  (FPL)  development.  The  process 
~f  updating,  as  new  data  became  available,  en- 
«  red  that  the  most  recent  knowledge  of  the  en¬ 
vironment  was  being  used  to  verify  the  design— 
whether  analysis  or  by  test. 

A  typical  example  of  the  Initial  zonal  vibra¬ 
tion  Is  shown  in  Fig.  2.  The  basic  characteris¬ 
tics  Include  a  random  base  level  that  varies  In 
intensity  across  the  frequency  range  from  20  to 


Fig.  2.  Typical  zonal  vibration  criteria 


Table  1.  SSME  Zonal  Vibration  Criteria  Source  and  Response  Zone  Designations 


Source 

Zone 

Contents 

Response 

Tone 

Contents 

A 

Hein  Combustion  Chamber  (MCC) 

j 

Main  Fuel  Valve  (MFV) 

B 

NCC  Throat  and  Engine  Controller 

K 

Main  Oxidizer  Valve  (MOV)  and  Actuato* 

C 

Thrust  Chamber  Nozzle 

L 

Pneumatic  Control  Assembly 

D 

Oxidizer  Preburner 

M 

Chamber  Coolant  Valve  (CtV)  and  Actuator 

E 

Fuel  Preburner 

N 

Fuel  Preburner  Oxidizer  Valve  (FPPV) 

F 

Low-Prjsscre  Oxidizer  Turbopump  (LP0TP) 

0 

Oxidizer  Prebjrner  Oxidizer  Valve  (OPOV)  and  Actuator 

G 

High-Pressure  Oxidizer  Turbopump  (HP0TP) 

P 

Oxidizer  and  Fuel  Bleed  Valves 

H 

Low-Pressure  Fuel  Turbopump  (IPFTP) 

Q 

Vehicle  Attach  Panel 

High-Pressure  Fuel  Turbopump  (HPFTP) 

R 

Pressure  Sensors 

S 

Anti -Flood  Valve 

T 

Check  Valve 

U 

Not  Used 

Pogo  Accumulator  and  Valves 

■ 

mm 

Turbine  Temperature  Sensors 
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2000  Hz,  plus  superimposed  sinusoids  that  are 
functions  of  specific  phenomena  such  as  pump 
blade  wake  frequencies  (speed  dependent)  and 
combustion  frequencies. 

The  first  engine,  known  as  Integrated  Sys¬ 
tems  Test  Bed  (ISTB)  was  first  hot-fire  tested 
In  May  1975.  Many  early  ISTB  tests  were  of  very 
short  duration  and  only  at  lower  power  levels. 

By  January  1977,  a  limited  amount  of  data  had 
been  acquired  at  power  levels  between  85  and  95 
percent  RPL.  These  data  were  used  to  issue  a 
revision  to  the  original  source  zone  criteria. 
This  revision  identified  as  the  "Interim"  or 
“Rl"  criteria  utilized  Barrett's  scaling  tech¬ 
niques  to  ratio  these  lower  power  level  data  to 
projected  RPL  and  FPL  levels.  This  Rl  criteria 
produced  levels  generally  lower  than  the  origi¬ 
nal  estimate  criteria  in  the  lower  frequency 
ranges,  essentially  equal  in  the  middle  ranges, 
and  slightly  higher  in  the  upper  frequency 
range.  The  structural  dynamic  adequacy  of  all 
major  SSME  components  was  verified  by  analyses 
utilizing  these  Rl  criteria. 

As  flight  configured  SSME  engines  were 
tested  and  data  gathered,  a  second  revision 
("R2"  criteria)  was  published  In  October  1978. 
This  revision  was  based  on  a  larger  data  base 
including  many  tests  on  different  components, 
engines,  and  test  stands.  This  large  data  sample 
Increased  the  confidence  in  the  criteria  as  the 
likelihood  of  any  one  factor  (engine,  test  stand, 
etc.J  significantly  biasing  the  data  was  signi¬ 
ficantly  reduced.  Engine  operation  during  these 
tests  ranged  between  70  and  100  percent  RPL. 

These  data  were  closely  enveloped  using  the  maxi¬ 
mum  random  vibration  vibration  levels  in  conjunc¬ 
tion  with  superimposed  sinusoids  to  establish 
the  best  estimate  of  TPL  environments.  The  ori¬ 
ginal  Rl  and  R2  criteria  for  a  typical  zone  are 
compared  in  Fig.  2.  This  figure  shows  how  the 
random  vibration  levels  have  been  generally  low¬ 
ered  with  each  revision,  which  Indicates  the 
conservatism  In  the  original  estimates  of  the 
vibration  environments.  As  had  been  done  with 
the  previous  revision,  the  structural  adequacy 
of  all  major  SSME  components  was  verified  by 
analyses  using  the  R2  criteria.  These  criteria 
did  not  utilize  the  Barrett  technique  for  scal¬ 
ing  the  100  percent  RPL  data  to  projected  FPL 
levels,  as  was  done  In  the  previous  revisions. 
Experience  with  the  Rl  criteria  had  shown  that 
rocket  engine  component  random  vibration  levels 
do  not  scale  with  power  level,  and  therefore 
this  technique  was  not  considered  suitable  for 
use  with  the  latter  criteria  revision. 

Inspection  of  the  nine  source  zones  In¬ 
cluded  In  the  R2  criteria  shows  the  highest 
vibration  levels  to  be  found  In  Zone  C.  This  Is 
to  be  expected  since  it  Is  adjacent  to  the  lar¬ 
gest  source  of  energy,  the  combustion  zone, 


♦Barrett,  R.  E.,  Techniques  for  Predicting 
Localized  Vibratory  Fnvlronment  of  Rocket  Vehi¬ 
cles,  NASA  TN  U-1836,  October  1963. 


produced  by  the  engine.  The  original  Rl  and  R2 
criteria  for  this  zone  are  compared  In  Fig.  2. 

Some  minor  revisions  to  the  R2  criteria  have 
been  madr  since  Its  publications.  Each  time  re¬ 
visions  are  made,  the  designation  Is  also  changed. 
The  next  revised  criteria  will  be  designated  as 
R3.  Both  low  pressure  turbopumps  exhibited  In¬ 
creased  vibration  spectra  during  operation  when 
operated  at  low  Inlet  pressures.  Thus,  special 
criteria  for  these  two  zones  were  generated  to 
describe  these  special  environments,  and  the 
structural  adequacy  of  the  affected  hardware  was 
verified  by  a  combination  of  analysis  and  strain- 
gage  measurements  made  during  hot-fire  tests. 

This  revision  process  used  during  the  SSME 
development  program  has  provided  an  accurate  and 
timely  source  of  vibration  Information  data  for 
the  nine  source  zones,  which  In  turn,  has  been 
utilized  to  demonstrate  the  structural  dynamic 
adequacy  of  major  SSME  components. 

Response  Zones 

The  vibration  response  zones  differed  some¬ 
what  from  that  of  the  source  zones  In  that  an 
Initial  prediction  was  not  made.  Hot-fire  data 
was  acquired  from  early  engine  tests  to  support 
laboratory  tests  and  special  analytical  tasks. 
Where  only  limited  amounts  of  data  were  availa¬ 
ble,  conservative  envelopes  were  used  to  ensure 
that  valid  results  were  obtained.  However, 
analytically  predicted  criteria  were  generated 
for  the  main  propellant  valve  actuators  during 
the  design  phase  of  the  program.  These  criteria 
were  used  by  the  actuator  vendor  to  vibration 
test  the  actuators  prior  to  ISTB  hot-fire  testing. 

As  hot-fire  test  data  were  acquired,  cri¬ 
teria  were  generated  for  the  components  shown  in 
Table  1.  In  many  Instances,  criteria  were  gen¬ 
erated  for  both  the  vibration  Input  to  a  given 
component  as  well  as  the  response  at  a  given 
location  on  the  component.  These  data  were  used 
primarily  to  ensure  valid  vibration  testing  In 
the  laboratory,  where  it  Is  frequently  difficult 
to  duplicate  component  boundary  conditions  as 
seen  on  the  engine.  As  new  data  were  generated, 
criteria  were  updated  only  when  the  validity  of 
existing  criteria  was  in  question. 

FPL  Data  Comparison 

All  existing  criteria  were  based  on  data 
taken  at  a  maximum  of  100  percent  RPL  operation. 
Full  power  level  (109  percent  RPL)  development 
of  the  SSME  has  recently  been  undertaken  and  new 
data  are  being  acquired  and  compared  to  the  ex¬ 
isting  source  and  response  zones,  lo  date,  only 
minor  Increases  over  the  established  level  for 
RPL  have  been  noted. 

Figure  3  (Zone  G)  shows  a  typical  FPL  power 
spectral  density  (PSD)  compared  to  the  R2  cri¬ 
teria.  The  data  are  clearly  below  the  criteria 
throughout  the  spectrum.  The  spikes  protruding 
through  the  random  floor  are  covered  by 
sinusoids. 
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Figure  4  shows  Zone  D,  where  the  data  ex¬ 
ceeds  the  R2  criteria  In  specific  frequency 
bands.  If  subsequent  FPL  tests  produce  similar 
PSDs,  the  R2  Zone  D  criteria  will  be  revised 
for  final  FPL  use,  such  as  design  verification 
specification  (DVS)  testing  or  analysis.  It  Is 
important  to  note  that  the  R1  criteria  In  most 
cases  covered  the  FPL  levels;  therefore,  the 
structural  adequacy  of  engine  hardware  based  on 
analysis  using  R1  levels  Is  not  In  question. 


Fig.  4.  Zone  D  oxidizer  preburner 
vibration  criteria 

The  complete  SSME  zonal  vibration  criteria 
Is  not  given  In  the  paper  as  it  would  be  too 
voluminous. 

Vibration  Considerations  Not  Accounted  for 
by  the  Zonal  Criteria 

Whereas  the  zonal  criteria  was  extremely 
useful  In  designing  the  overall  engine  system, 
fuel  ducts,  connections,  etc.,  and  establish¬ 
ing  the  requirements  for  the  design  verifica¬ 
tion  tests.  It  could  not  ensure  freedom  from 
other  vibration  phenomena,  such  as: 

1 .  Subsynchronous  whl rl  -  turbopumps 

2.  Hot-gas,  flow-separation  Instabili¬ 
ties  -  fuel  feed  line  transient 
vibrations 

3.  Flow-Induced  whistles  -  main  oxidi¬ 
zer  valve 

4.  Turbine  blade  vibration  and  cracking 


5.  Impellers 

6.  Vortex  shedding  and  random  excita¬ 
tions  of  main  Injector  LOX  posts 

7.  Sheet  metal  fatigue 

Some  of  the  more  significant  vibration  phenomena 
that  generated  problems  during  the  development 
testing  will  be  discussed  In  a  subsequent 
section. 

SSME  DVS  VIBRATION  TESTING 

To  ensure  that  the  SSME  major  components 
can  withstand  the  vibration  environment  asso¬ 
ciated  with  long  term  reusable  operation,  DVS 
tests  were  conducted.  This  Included  both  the 
transient  and  steady-state  vibration  environ¬ 
ment  generated  during  ground  handling  and  flight 
operations. 

Components  tested  during  the  DVS  vibration 
program  Included  those  components  that  would  not 
be  analyzed  In  significant  detail  to  verify  that 
adequate  life  was  available  when  subjected  to 
the  transients  and  steady-state  vibration  condi¬ 
tions.  These  components  typically  contained  mov¬ 
ing  parts  that  were  subject  to  wear,  electronic 
systems,  nonlinear  elements  and/or  those  compo¬ 
nents  too  structurally  complex  to  adequately 
model  (multi-ply  bellows  or  braided  hoses). 

Table  2  lists  the  components  that  were  tested  In 
the  DVS  Program. 

Table  2.  Components  Tested  in  the  DVS  Program 


• 

PROPELLANT  VALVES 

• 

ENGINE  -  VEHICLE  INTERFACE 

• 

MAIN  OXIDIZER 

LIKES  (6  MAIDED  HOSES) 

t 

MAIN  FUEL 

• 

ANTI -FLOOD  VALVE 

• 

• 

OXIDIZER  PREBURNER  OXIDIZER 

FUEL  PREBURNER  OXIOIZER 

• 

PNEUMATIC  CONTROL  ASSEMBLY 

• 

CHAMBER  COOLANT 

• 

PURGE  CHECK  VALVES 

• 

PROPELLANT  VALVE  ACTUATORS 

• 

PREBURNER  SPARK  IGNITER 

• 

MOV/MFV 

• 

MCC  SPARK  IGNITER 

• 

OPOV/FPOV 

• 

ENGINE  CONTROLLER 

• 

P0G0  SYSTEM  VALVES 

• 

FASCOS  BOX 

• 

• 

RECIRCULATION  ISOLATION 

HELIUM  PRECHARGE 

• 

ENGINE  SENSORS 

• 

GASEOUS  OXYGEN  CONTROL 

•  PRESSURE 

• 

ENGINE  FLEX  JOINTS 

•  TEMPERATURE 

•  1  LOU 

• 

LPFTP  PUMP  DISCHARGE 

•  SPEED 

• 

• 

FPFTP  TURBINE  DISCHARGE 

OXIDIZER  TANK  PRESSURIZATION  LINE 

• 

ELECTRICAL  CONNECTORS 

• 

LPOTP  PUMP  OISCHARGE 

• 

FUEL  ILEED  LINE 

The  vibration  environments  for  the  DVS 
vibration  program  were  derived  from  measurements 
made  during  engine  hot-fire  tests.  These  cri¬ 
teria  and  their  development  were  discussed 
earlier  in  this  paper.  The  criteria  represents 
test  conditions  of  engine  power  levels  from  65 
to  109  percent  of  rated  thrust.  Individual  power 
spectral  density  data  plots  were  obtained  at  each 
power  level,  combined  and  subsequently  enveloped 
to  define  the  steady-state  vibration  environment. 

To  obtain  the  transient  conditions,  shock  spec¬ 
tra  analysis  was  performed  for  the  engine  start 
and  shutdown  sequence  and  used  to  define  the  nec¬ 
essary  shock  tests  to  satisfy  the  DVS  requirements. 
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Test  Procedure 


DVS  vibration  tests  were  conducted  In  two 
segments.  Initially,  testing  was  conducted  to 
satisfy  First  Man  Orbital  Flight  (FMOF)  certifica¬ 
tion.  This  testing  consisted  of  transient  shock 
tests  representing  60  engine  starts  and  60  engine 
starts  and  60  engine  shutdowns,  plus  1-1/2  hours 
of  steady-state  random  vibration  representing  en¬ 
gine  operation  at  power  levels  between  65  and 
102  percent  of  rated  thrust.  The  second  part 
consisted  of  extended  life  DVS  testing  for  full 
power  level  certification  (FPLC)  consisting  of  an 
additional  6  hours  of  steady-state  vibration  to 
demonstrate  a  total  of  7-1/2  hours  design  life 
required  by  the  SSMEs.  This  latter  testing  In¬ 
corporates  any  vibration  amplitude  changes  asso¬ 
ciated  with  operation  at  109  percent  power  level 
(FPL).  A  typical  DVS  vibration  test  procedure 
consists  of: 

•  Vibration  and  shock  tests  of  the  com¬ 
ponents  on  each  of  three  orthogonal  axes 
in  the  following  sequence: 

•  A  2-g  peak  sinusoidal  sweep  test  to 
determine  specimen  resonant  frequencies 

•  120  transient  shock  spectra  pulses  to 
simulate  the  60  engine  starts  and  60 
engine  shutdowns 

•  1-1/2  hours  of  steady-state  random 
vibration  Is  conducted  with  super¬ 
imposed  sinusoids  representing  vibra¬ 
tion  components  generated  by  the 
rotating  machinery  to  demonstrate  the 
required  FMOF  operational  life;  there 
are  four  turbopumps  on  the  SSME. 

•  Finally,  6  hours  of  steady-state  random 
vibration  Is  conducted  with  super¬ 
imposed  sinusoidal  frequencies  to 
demonstrate  component  stability  to  ful¬ 
fill  the  original  7-1/2  hour  design 
life  goal. 


The  superimposed  sinusoids  during  the  1-1/2  hour 
random  vibration  test  are  performed  to  cover  the 
conditions  that  represent  engine  throttling  and 
represent  pump-generated  frequencies.  These 
sinusoids  are  caused  by  pump  blade  wake  condi¬ 
tions,  struts  in  the  flow  path,  and  turbine 
blade  pulsations. 

Failures  and  Fixes 


One  of  the  derivatives  of  the  DVS  Program 
was  identifying  weaknesses  In  component  de¬ 
signs.  During  the  DVS  vibration  program  weak¬ 
nesses  were  encountered  with  the  main  engine  con¬ 
troller,  the  recirculation  Isolation  valve  (RIV), 
and  the  anti -flood  valve  (AFV). 

Controller.  Early  in  the  program,  the  main  en¬ 
gine  controller  was  subjected  to  a  predicted 
random  vibration  environment  of  22  g  rms.  This 
controller  was  to  be  hard  mounted  on  the  SSME; 


therefore.  It  was  hard  mounted  In  the  labora¬ 
tory  vibration  tests.  Results  indicated  that 
the  attachment  fittings  could  not  survive  the 
long-term,  high- vibration  environment.  Galling 
of  the  shear  pins  and  the  spherical  bearings 
were  evident  early  In  the  test  (Fig.  5).  Also, 

It  appeared  that  the  electronic  components  In 
the  controller  would  not  survive  the  high 
level  of  transmlssiblllty  through  the  hard 
mounts.  Therefore,  a  soft  viscoelastic  mount 
system  was  designed  for  the  controller.  The 
design  constraint  was  that  the  position  of 
the  controller  relative  to  the  engine  should 
not  change,  l.e.,  the  envelope  would  remain 
the  same.  A  quick  review  of  "off-the-shelf" 
Isolator  mounts  revealed  that  bushing  type  mounts 
such  as  those  used  by  off- road  vehicles  could  be 
accommodated  in  the  envelope.  These  off-the- 
shelf  units  were  Initially  evaluated  and  later 
a  high- temperature  silicon  compound  Isolator 
mount  of  similar  configuration  was  developed 
to  be  used  for  final  application  (Fig.  6).  The 
test  setup  Is  shown  In  Fig.  7. 

Figure  8  shows  a  comparison  of  the  control¬ 
ler  responses  with  or  without  the  shock  mounts. 
Subsequently,  the  SSME  controller  passed  all 
specified  shock  and  vibration  requirements  suc¬ 
cessfully.  The  design  of  the  mount  system  pro¬ 
vided  a  natural  frequency  between  2.0  and  40  Hz 


Fig.  5.  Controller  forward  bolt  showing 
galling  after  vibration 


Fig.  6.  Controller  silicone  isolator 
mount 
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Fig.  7.  SSME  controller  mount  on  vibration 
slip  table 


Fig.  8.  SSME  controller  with  and  without 
Isolators  -  laboratory  sine  sweep 
tests 


In  the  soft  axis.  In  the  cross  axis,  the  stiff¬ 
ness  was  to  be  twice  the  soft  axis.  The  first 
resonant  design  verification  of  the  effective¬ 
ness  of  the  controller  isolator  system  shown  in 
Fig.  9  displays  the  DVS  random  vibration  criter¬ 
ia,  the  engine  measured  environment  (at  75  per¬ 
cent  power  level)  and  the  controller  response  on 
the  engine.  As  can  be  seen,  the  laboratory 
tests,  when  data  Is  enveloped.  Is  quite  conser¬ 
vative. 


Recirculation  Isolation  Valve.  The  recirculation 
Isolation  valve  (RlV)  prevents  a  "short  circuit" 
(through  the  Pogo  accumulator)  In  the  engine  oxi¬ 
dizer  system  during  the  propellant  conditioning 
mode  of  engine  start  preparation.  The  normally 
open  RIV  Is  actuated  closed  by  the  same  pneumatic 
pressure  that  opens  the  normally  closed  oxidizer 
bleed  valve. 


Fig.  9.  Controller  vibration  data  -  engine 
hot-fire  test 

A  malfunction  of  the  recirculation  Isola¬ 
tion  valve  (Fig.  10)  occurred  during  the  DVS 
vibration  program.  The  armature  extension  of 
the  linear  variable  displacement  transducer 
(LVDT)  failed  during  random  vibration  portions 
of  these  tests  as  shown  In  Fig.  11.  A  redesign 
of  the  armature  with  an  Improved  radius  was  In¬ 
corporated  at  the  high  stress  concentration 
point,  and  the  unit  subsequently  passed  Its  DVS 
vibration  successfully. 


Fig.  10.  Recirculation  Isolation  valve 


•  .1  fc  7  *  9 


Fig.  11.  LVDT  extension  arm  fracture. 


170 


Anti -flood  Valve.  The  anti -flood  valve  (AFV)  Is 
a  spring-loaded,  normally  closed  poppet  type 
valve  that  prevents  the  flow  of  liquid  oxygen 
Into  the  heat  exchanger  until  there  Is  suffi¬ 
cient  head  applied  to  the  heat  exchanger  during 
engine  start  to  convert  the  liquid  oxygen  to 
gaseous  oxygen. 

The  anti-flood  valve  LVOT  developed  an 
electrical  connector  feed-through  malfunction 
during  vibration  testing,  which  was  analyzed 
to  be  due  to  poor  potting  compound  (Fig.  12). 

An  Improved  potting  compound  and  application 
technique  was  utilized  to  correct  this  weak¬ 
ness.  In  addition,  support  was  provided  to 
the  attaching  wire,  and  the  valve  subsequently 
passed  its  DVS  vibration  test  successfully. 


HPFTP  TURBINE  BLADES 

The  high-pressure  fuel  turbopump  (HPFTP)  Is 
a  three-stage  centrifugal  pump  that  Is  directly 
driven  by  a  two-stage,  hot-gas  turbine.  The 
pump  receives  fuel  from  the  low-pressure  fuel 
turbopump  (LPFTP)  and  supplies  It  at  Increased 
pressure  through  the  main  fuel  valve  (MFV)  to 
the  thrust  chamber  assembly  coolant  circuits. 

The  turbine  Is  powered  by  hot  gas  (hydrogen- 
rich  steam)  generated  by  the  fuel  preburner. 

During  1977,  Rocketdyne  encountered  two 
known  incidents  of  HPFTP,  first-stage,  turbine- 
blade  cracking  aid  a  third  probable  Incident. 

The  common  denominator  between  the  Incidents 
and  the  suspected  failure  cause  was  loss  of 
turbine-blade  damping.  In  the  first  incident, 
the  turbine  blades  had  nickel -plated  dampers 
and  gold-plated  blade  platform  mating  sur¬ 
faces.  During  operation,  an  "over-tempera¬ 
ture"  condition  effectively  brazed  the  dampers 
to  the  blades  producing  a  locked-up  condition. 
Two  cracked  blades  were  discovered  during 
posttest  Inspection,  The  unit  had  experienced 
8  tests  for  a  total  of  330  seconds  of  opera¬ 
tion.  The  two  failure  locations  were  an  air-  . 
foil  root  leading  edge  fillet  crack  and  a 
trailing  edge  airfoil  crack  approximately  1/3 
the  blade  height  from  the  airfoil  foot. 

During  the  second  Incident,  the  turbine 
blades  had  nickel -plated  dampers  but  no  gold 
plating  on  the  blade  platform  mating  surface. 

The  blade  failure  occurred  after  38  tests  and  a 


total  of  2973  seconds  of  operation.  Examination 
of  the  hardware  revealed  that  the  nickel  plating 
on  the  damper  had  extruded  radially  outward,  as 
Illustrated  In  Fig.  13.  It  was  postulated  such 
that  the  nickel  effectively  locked  the  blades 
together  producing  a  condition  similar  to  that 
Incurred  on  the  prior  unit. 


The  third  failure  occurred  after  4325 
seconds  of  operation  and  a  total  of  21  tests. 
Extensive  hardware  damage  precluded  actually 
Identifying  a  blade  failure  as  a  cause. 

To  Identify  the  cause  of  the  turbine  fail¬ 
ures,  first-stage  blades  were  subjected  to 
blade  evaluation  laboratory  tests  consisting 
of  structural,  dynamic,  and  fatigue  tests. 

A  unique  test  technique  known  as  whirligig 
testing*  was  utilized  to  study  the  effectiveness 
of  dampers  In  the  turbine-blade  critical  modes. 
This  test  technique  utilized  the  actual  rotating 
blade  disk  combination.  Instrumented  with  strain 
gages  and  excited  by  a  series  and  air  jets,  to 
force  the  frequencies  expected  during  engine 
operation.  A  comparison  was  made  of  the  modal 
strains  of  each  damping  system  for  each  excita¬ 
tion  frequency  under  Identical  force  excitation. 
An  output  of  this  testing  technique  produces  a 
Campbell  diagram  directly,  requiring  only  a  cor¬ 
rection  to  engine  operating  temperatures. 

Test  Program  (Whirligig).  The  Rocketdyne  test 
program  consisted  of  five  different  blade-damper 
combinations: 

Group 

No. 

1  No  damper 

2  As-designed  damper,  0.92-«-1.14  grams 

3  Platforms  brazed  together  (locked-up 
blades) 

4  Precision  damper,  0.52-^0.54  grams 

5  Chem-mllled  damper,  0.51-*-0.67  grams 


‘Developed  through  the  assistance  of  the  General 
Electric  Corporation,  Jet  Engine  Division, 
Cincinnati,  Ohio. 
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The  layout  of  the  blade  groups  Is  shown  In  Fig. 
14.  A  total  of  48  strain  gages  and  2  thermo¬ 
couples  was  applied  to  the  five  groups  of  blades. 
Each  blade  type  was  In  groups  of  ~12  blades 
with  only  the  center  five  blades  being  Instru¬ 
mented.  Each  Instrumented  blade  had  a  strain 
gage  In  two  of  the  four  following  locations: 

1.  Leading-edge  airfoil  root 

2.  Tral ling-edge  airfoil  root 

3.  Midchord  airfoil  root 

4.  Trailing  edge  l/4-1nch  upward  from  air¬ 
foil  root 


The  gage  locations  were  governed  by  three 
considerations: 

1.  Known  failure  locations  during  engine 
testing 

2.  Locations  that  would  provide  a  signifi¬ 
cant  strain  level  for  the  maximum  number 
of  natural  frequencies.  The  relative 
strain  levels  were  determined  experi¬ 
mentally  by  vibrating  Instrumented 
blades  In  the  laboratory  at  each  of 
their  frequencies 

3.  Locations  with  small  strain  gradients 
such  that  the  strain  gage  position  was 
not  critical 


Since  the  whirligig  provides  only  comparative 
data,  only  the  strains  within  a  particular  test 
may  be  compared.  Additionally,  the  strains 
should  be  compared  only  for  common  harmonics  of 
the  forcing  function. 


The  test  program  consisted  of  4  test  runs. 
The  Initial  test  run  utilized  19  nozzles  as  ex¬ 
citation  and  was  performed  to  limit  the  maximum 
rotational  speed  to  28,000  rpm.  The  19  per 
revolution  excitation  did  not  correspond  to  any 
known  engine  forcing  function,  but  was  selected 
to  excite  the  blade  first-frequency  at  a  low- 
rotational  speed,  thus  permitting  a  check  of 
the  rotating  assembly  and  to  give  maximum  In¬ 
formation.  The  principal  modes  of  vibration 
excited  during  this  test  were  the  first-bend¬ 
ing  mode  and  first- tors Ion  mode.  A  comparison 
of  the  relative  amplitudes  of  strain  for  the 
five  test  groups  for  the  various  harmonics  of 
the  forcing  function  Is  shown  In  Tables  3  and 

4.  The  first-bending  mode  strains  clearly 
Indicate  that  the  locked-up  blade  configura¬ 
tion  (Group  3)  Is  the  most  responsive.  This 
Is  consistent  with  both  analytical  predic¬ 
tions  as  well  as  the  hypothesis  that  the 
turbopump  failures  were  due  to  locked-up 
blades. 


The  various  damped  configurations,  as 
well  as  undamped  configurations  (Group  1)  are 
not  separable,  although  Groups  2  and  4  seem 
to  be  somewhat  better  than  Group  4. 


NOT«:  ADJACINT  BLADIt  IN  TIST QROUP  WILL  BE  «  -  MIOfOINT 
IDENTICAL  IXCIPT  (OR  (TRAIN  QAOINO 


Fig.  14.  First-stage  wheel  blade/damper  assignment 
whirligig  testing 


172 


Table  3.  First-Flex  Mode  Strains  (Test  1) 


STRAIN.  A4IN./IN.  i 

GROUP 

1ST  HARMONIC 

2ND  HARMONIC 

1 

30 

-- 

2 

4 

9 

3 

128 

86 

4 

10 

6 

5 

33 

26 

Table  4.  First-Torsional  Mode  Strains  (Test  1) 


STRAIN,  JIIN./IN. 

HARMONIC 

GROUP 

2 

3 

4 

1 

60 

90 

48 

2 

70 

15 

48 

3 

127 

82 

27 

4 

43 

17 

22 

5 

64 

14 

8 

The  second  harmonic  of  the  forcing  function 
exciting  the  first- torsional  mode  also  Indicates 
that  the  locked-up  configuration  (Group  3)  is 
the  most  responsive.  Higher  harmonics  Indicate 
little  difference  between  the  damped  configura¬ 
tions,  but  all  are  superior  to  the  locked-up 
and  undamped  configurations. 

The  torsional  mode  was  particularly  respon¬ 
sive  because  of  the  method  of  excitation.  The 
disk  was  rotating  in  the  normal  direction  with 
the  gas  flow  being  directed  against  the  suction 
surface  of  the  airfoil  on  the  trailing  edge. 

The  imparted  force  from  the  gas  jet  produces  a 
torsional  moment  about  the  airfoil  cross  section 
center  of  gravity  (Fig.  15), 


Fig.  15.  Relative  force  on  turbine  blade 


The  conclusion  from  the  first  test  was  that 
the  locked-up  platform  was  the  most  probable 
cause  for  the  engine  turbine  blade  failures. 
However,  the  relative  merit  of  the  various  dam¬ 
per  configurations  could  not  be  assessed  from 
this  test.  Therefore,  testing  at  higher  rota¬ 
tional  speeds  with  nozzle  excitation  consistent 
with  turbopump  operation  was  required. 


The  second  series  of  tests  was  run  to 
38,000  rpm  and  utilized  13  nozzles  as  excita¬ 
tion.  This  was  representative  of  the  13  struts 
upstream  of  the  first-stage  nozzle  In  the  tur¬ 
bopump.  These  tests  showed  response  at  the 
first  harmonic  of  the  13  per  revolution  exci¬ 
tation  for  the  first-flex  mode.  The  undamped 
configuration  showed  a  discernible  strain 
about  105  pin. /In.  peak  to  peak  and  all  damper 
configurations  were  effective  In  suppressing 
this  mode. 

A  summary  of  the  measured  strains  for  the 
various  configurations  for  the  first-torsional 
model  Is  shown  In  Table  5.  The  maximum  strains 
generally  occurred  on  the  trailing  edge. 

Table  5.  Turbine  Blade  Strains  Due  to  First- 
Torsional  Mode 


HARMONIC  1 

GROUP 

2 

3  ’ 

1 

421 

211 

2 

263 

126 

3 

- 

- 

4 

305 

205 

5 

300 

205 

The  result  of  the  torsional  mode  strain 
data  was  similar  to  Test  1,  showing  that  the 
damper  Is  relatively  Ineffective  In  damping  the 
torsional  mode. 

The  final  test  series  utilized  41  nozzles 
simulating  the  number  of  nozzles  In  the  actual 
design.  The  test  served  to  Indicate  that 
there  we<*e  no  unexpected  responses  to  this 
high-frequency  excitation. 

The  method  used  to  present  the  data 
gathered  from  the  whirl igiq  testing  Is  lllus- 
rated  in  the  Campbell  diagram  (Fig.  16).  The 
Campbell  diagram  presents  a  plot  of  blade  fre¬ 
quency  vs  shaft  speed  and  the  blade  strain 
response.  The  natural  frequencies  of  the 
blades  are  shown  by  the  almost  horizontal  ap¬ 
pearance  of  the  data  and  the  frequencies  of 
the  forcing  functions  are  clearly  evident  by 
the  diagonal  lines.  At  the  Intersection  of 
these  lines,  the  high  amplitude  of  the  strain 
response  is  easily  observed.  Most  Importantly, 
this  diagram  forms  the  basis  for  interpreta¬ 
tion  of  similar  diagrams  obtained  during 
turbopump  operation  during  engine  tests  (Fig. 
17). 


The  multiples  of  shaft  speed  exciting  the 
blade  during  turbopump  operation  are  shown  In 
the  right  margin  of  Fig.  17.  These  multiples 
of  shaft  speed  are  expected  excitations  asso¬ 
ciated  with  the  13  Inlet  stru  .s  in  the  turbines 
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Fig.  16.  HPFTP  first-stage  turbine  blade 
Campbell  diagram  (whirligig) 
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Fig.  17.  HPFTP  first-stage  turbine  blade 
Campbell  diagram  (operation) 


and  their  Irregular  spacing,  and  also  due  to  the 
first  stage-nozzles.  Examination  of  this  figure 
indicates  that  the  following  modes  of  turbine 
blade  vibration  are  In  the  engine  operating 
range: 


Mode 

1st  Torsion 
1st  Axial 
2t.d  Flex 
2  Stripe 
Complex 


Bee 

/  36,000 

28,000  to  31,000 
33,000  to  37,000 
37,000 
32,000 


Based  on  the  results  of  the  whirligig  testing, 
It  was  concluded  that  the  turbine  blade  failures 
Incurred  during  testing  were  directly  attributable 
to  locked-up  blades.  Although  the  whirligig  test¬ 
ing  did  not  provide  a  clear  ranking  of  the  dampers 
tested,  all  dampers  appeared  to  function  well. 


SSME  MAIN  INJECTOR  OXIDIZER  POST 


The  SSME  main  Injector  (Fig.  18)  consists  of 
600  concentric  posts,  each  of  which  allows  liquid 
oxygen  (LQX)  to  flow  through  a  center  passage  and 
hot  hydrogen  gas  from  the  turbines  to  flow  through 


Fig.  18.  Main  Injector  assembly 

the  outer  concentric  passage.  The  posts  are  ar¬ 
ranged  In  13  rings  (rows),  and  the  hot  hydrogen 
gas  Impinges  directly  on  the  outer  row  os  posts 
as  It  discharges  from  the  five  transfer  ducts. 
Structurally,  the  LOX  posts  (Fig.  19)  are  welded 
to  the  Interpro pell ant  plate  at  the  upper  end, 
are  laterally  restrained  at  the  secondary  face 
plate,  and  are  cantilevered  below  the  secondary 
face  plate,  except  for  three  guide  vanes  In  the 
fuel  sleeve  which  limit  the  lateral  motion. 


Fig.  19.  10X  post  thread  and  fillet  crack 
locations 


The  outer  posts  (row  13)  were  subjected  to 
the  most  severe  loading  conditions.  The  steady 
state  loads  Included  a  bending  moment  due  to 
the  deflection  of  the  Interpropellant  plate, 
thermal  loads  due  to  differential  temperature, 
a  drag  force  due  to  the  flow  of  hot  hydrogen 
gas,  and  the  direct  loads  doe  to  the  differen¬ 
tial  pressure  across  the  face  plates.  Dynamic 
loads  are  Induced  by  the  structural  vibration 
of  the  powerhead,  vortex  shedding  In  the  hot- 
gas  flow  stream,  and  random  excitation  from 
the  hot-gas  flow  stream.  Recognizing  these 
potential  excitation  sources  and  resulting 
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loads  war*  extremely  difficult  to  assess  quan¬ 
titatively,  steps  were  taken  during  the  Ini¬ 
tial  design  to  minimize  the  dynamic  loads, 
l.e.,  helical  strakes  on  the  LOX  posts  to  re¬ 
duce  the  vortex  shedding  Induced  vibrations. 

The  location  of  the  highest  alternating 
stress,  most  critical  In  fatigue,  are  the 
threads  where  the  fuel  filter  attaches  and  the 
fillet  directly  below  these  threads  (Fig.  19). 
The  location  of  the  maximum  stresses  depends 
on  the  degree  of  tightness  In  these  threads. 

It  Is  not  possible  to  torque  the  filter  tightly 
on  these  threads  because  they  are  used  to  ad¬ 
just  the  support  for  the  secondary  face  plate. 

In  addition,  experimental  verification  of  the 
maximum  stress  levels  could  not  be  measured 
due  to  their  local  nature  and  Inaccessibility. 

Although  It  was  thought  that  a  conserva¬ 
tive  approach  had  been  taken  In  the  design  of 
these  posts,  two  engine  tests  were  terminated 
after  780  seconds  of  equivalent  rated  power 
level  testing.  Thus,  the  engine  development 
program  had  uncovered  higher  load  conditions 
than  had  been  predicted. 

Analysis  of  the  failed  hardware  showed  per¬ 
manent  bending  deformation  In  the  direction  of 
the  hot  gas  flow.  Indicating  higher  drag  loads 
than  had  been  anticipated.  In  addition,  sev¬ 
eral  of  these  posts  showed  fatigue  cracks  In 
the  threaded  area,  and  one  showed  a  fatigue 
crack  In  the  fillet  below  the  threads.  Model 
studies  showed  a  nonuniform  flow  distribution 
between  the  transfer  ducts,  with  the  outer 
ducts  on  the  HPFTP  side  carrying  twice  the  flow 
of  the  center  duct. 

Since  It  was  not  practical  to  quickly  re¬ 
design  the  turbine  and  transfer  ducts  to  repro¬ 
portion  the  flow  and  Increase  the  fatigue 
strength  of  the  posts,  flow  shields  (Fig.  20) 
were  added  to  pairs  of  posts  In  row  13.  These 
shields  reinforced  the  posts  In  the  outer  row, 
modified  the  flow  distribution,  and  kept  the 
posts  cooler.  However,  since  the  shields  di^ 
not  si  ield  two  posts  In  Row  12,  these  posts  were 
plugged  to  ensure  a  minimum  Injector  fatigue 
life  of  14,500  seconds  of  RPL-  Further  engine 


testing  showed  that  a  predicted  life  of  20,000 
seconds  of  equivalent  RPL  could  be  obtained  by 
plugging  nine  additional  posts  In  Row  12. 


To  further  Improve  the  predicted  life  of 
existing  Injectors,  a  modification  (Fig.  21) 
was  developed  that  replaces  the  tips  or  the  LOX 
posts  with  material  having  Improved  properties 
(316L  material  was  replaced  with  Haynes  188). 
This  replacement  Increases  the  fatigue  strength 
In  the  most  critical  areas,  the  threads  and  the 
fillet  below  the  threads.  This  redesign  gives 
28,000  seconds  of  life  at  RPL. 

The  long-range  redesign  calls  for  the  en¬ 
tire  LOX  post  to  be  changed  to  Haynes  188  mate¬ 
rial,  and  will  provide  an  Infinite  fatigue  life 
at  RPL  and  at  FPL  (109%  RPL). 


CONCLUSIONS 

As  has  been  discussed,  the  SSNE  has  under¬ 
gone  design  changes  as  a  result  of  engine  de¬ 
velopment  testing.  Failures  have  occurred,  have 
been  evaluated,  and  fixes  have  been  Implemented. 
The  engine  environment  has  gone  through  several 
criteria  definition  changes  and  now  represents 
more  accurately  the  current  environment.  The  en¬ 
gine  has  matured  and  Is  expected  to  meet  Its  op¬ 
erational  life  requirements  for  RPL  and  even¬ 
tually  FPL.  The  dynamic  data  base  has  been  es¬ 
tablished  and  can  be  used  for  upgrading  the  SSNE 
and  for  future  engine  designs. 
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DXtCntlOM 


Mr.  m-»lhi«u  ntuckwall  hao.  Transportation 
SSMMM  1  thought  you  also  had  soat  shlrl 
and  instability  problawa  from  tlaa  to  tlao, 

Ara  thoaa  also  laoludad  in  your  papart 

Mr.  Mnatli  No,  Tbara  is  a  aaparata  papar  on 
uhlrl  and  Inatablllty,  writtan  by  Sarnia  tohan, 
which  was  publlshad  about  six  souths  ago.  It 
Is  an  axcallant  papar.  Ihsra  Is  also  anothsr 
papar  that  waa  wrlttaa  by  Matt  *ck,  our  ehtaf 
wnglaaar,  who  Is  tha  baud  of  tha  original 
whirl  tassi.  So  thara  ara  two  axcallant  papars 
on  that  whirl  phanoaana  that  wo  raa  into  on  tha 
high  prosauro  fual  punps. 
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STRUCTURAL  RESPONSE  TO  THE  SSME  FUEL  FEEDLINE 
TO  UNSTEADY  SHOCK  OSCILLATIONS 


Edward  W.  Larson,  Gary  H.  Ratekln, 
and  George  M.  O'Connor 

Rockwell  International /Rockotdyne  Division 
Canoga  Park,  California 


The  Space  Shuttle  Main  Engine  flight  nozzle  experiences  unexpectedly 
large  accelerations  during  engine  start  and  cutoff  transients.  Two 
fuel  feedllne  failure;  occurred  during  separate  engine  tests.  To 
*1ne  the  forcing  function  causing  high  nozzle  accelerations,  exper¬ 
imental  air  flow  tests  using  a  subscale  model  were  performed  with 
high-frequency  pressure  instrumentation  such  that  pressure  oscilla¬ 
tion  amplitude,  frequency,  and  special  characteristics  could  be  de¬ 
termined.  The  test  results  led  to  the  conrluslon  that  the  SSME  was 
experiencing  pressure  oscillations  at  38  psl  at  a  frequency  of  approx¬ 
imately  100  Hz  occurring  over  the  last  3  feet  of  the  nozzle.  Results 
of  this  Investigation  yielded  an  understanding  of  the  cause  of  the 
failures  and  led  to  a  redesign  that  exceeds  life  requirements. 


BACKGROUND 

Hardware  Description 

The  SSME  uses  a  high-performance,  large- 
area  ratio,  bel  1 -contour  nozzle  to  maximize  the 
engine  performance  at  altitude.  The  expansion 
area  ratio,  e,  of  77.5  achieves  this  altitude 
performance  and  also  allows  the  nozzle  to  flow 
full  at  sea  level.  The  sec  level  operation  re¬ 
sults  in  the  nozzle  flowing  in  a  highly  over- 
expanded  condition,  that  is  the  wall  exit  pres¬ 
sure,  Pe,  is  .auch  lower  ti  an  the  ambient  pres¬ 
sure,  Pa. 

The  nozzle  assembly  attaches  to  the  main 
combustion  chamber  at  an  area  ratio  of  5,  as 
shown  in  Fig.  1 . 


The  nozzle  expands  the  gases  along  the 
wall  to  a  maximum  flow  angle  of  37  degrees 
relative  to  the  axis  of  symmetry.  The  remain¬ 
der  of  the  contour  then  turns  the  flow  back 
toward  the  axis,  ending  with  a  wall  exit 
angle  oi  5.3  degrees.  The  SSME  nozzle  Is  a 


regeneratively  cooled  bell  chamber  made  of  1080 
tubes  attached  to  Lpper  and  lower  manifolds 
(Fig.  2).  Liquid  hydrogen  enters  at  the  cool¬ 
ant  inlet  and  flows  to  the  lower  distribution 
manifold  through  three  fuel  feedlines  and 
branching  connecting  ducts  referred  to  as  the 
"steerhorns."  The  coolant  then  flows  up  the 
tubes  that  form  the  nozzle  wall  and  Into  the 
collection  manifold. 

Two  steerhorn  failures  occurred  during  two 
separate  engine  development  tests.  The  frac¬ 
ture  locations  were  at  steerhorn  welds  near  the 
distribution  manifolds  and  the  tee  where  the 
fuel  feedllne  branches.  The  steerhorn  is  made 
of  Inconel  718  tubing  that  Is  1.625  Inches  In 
diameter  with  a  0. 049-Inch  nominal  wall  thick¬ 
ness  and  is  welded  using  Inconel  718  filler  wire 


Fig.  2.  Nozzle/steerhcrn  assembly 
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The  assembly  Is  solution  treated  at  1900  F  as 
part  of  the  nozzle  braze  cycle  and  aged  for  10 
hours  at  1400  F. 

Description  of  Incidents 

Test  750-041  on  Engine  0201  was  terminated 
at  4.27  seconds  by  a  redllne  limit.  During  the 
shutdown  transient,  at  5.15  seconds,  approxi¬ 
mately  0.9  seconds  after  cutoff,  a  steerhorn 
ruptured.  At  the  time  of  failure,  the  main 
chamber  pressure  was  1350  psl  as  compared  with 
2800  psi  at  the  time  of  test  termination  (Fig. 
3).  The  failed  hardware  showed  fractures  at 
both  the  tee  weld  and  the  aft  manifold,  accom¬ 
panied  by  extensive  fragmentation. 


Fig.  3.  Main  chamber  pressure  during 
engine  test  750-041 


A  metallurgical  analysis  of  the  failure 
surfaces  determined  that  the  fracture  was  ini¬ 
tiated  by  fatigue.  Fatigue  strlatlons  found 
In  the  fracture  surface  adjacent  to  a  weld  are 
shown  In  Fig.  4.  This  type  of  failure  was 
completely  unexpected.  The  structural  design 
analysis  had  shown  factors  of  safety  on  ulti¬ 
mate  strengths  of  greater  than  2  for  transient 
loads,  and  1.5  for  steady-state  conditions. 

The  calculated  stresses  during  both  transients 
and  steady-state  resulted  In  zero  predicted 
fatigue  damage  and  a  corresponding  Infinite 
life. 


Mg.  4.  Fatigue  strlatlons  on  fracture 
surface 


The  second  Incident  occurred  at  about  0.9 
seconds  after  cutoff  during  the  engine  main  pro¬ 
pulsion  test  article,  Test  SF6-003.  Again,  the 
steerhorn  ruptured  at  welds  near  the  tee  and  aft 
manifold. 


The  metallurgical  examination  did  not  show 
signs  of  fatigue  strlatlons;  however,  It  did  un¬ 
cover  soft  low-strength  welds.  Thus,  a  combina¬ 
tion  of  high-transient  strains  and  the  low- 
strength  weld  were  sufficient  to  cause  failure. 


A  detailed  description  of  the  hardware  anal¬ 
yses,  the  tee  reinforcement  of  soft  welds  that 
allowed  development  testing  to  continue,  and  the 
steerhorn  redesign  for  future  engines  Is  contained 
In  Ref.  1  and  2.  Experimental  verification  of  the 
adequacy  of  the  redesign  was  obtained  through 
full-scale  vibration  testing  of  both  steerhorn  de¬ 
signs  at  the  Marshall  Space  Flight  Center  (Ref.  3). 
The  reinforced  tee  configuration  was  used  on  all 
three  engines  In  the  successful  first  launch  of 
Columbia. 

ANALYSIS  OF  ENGINE  DATA 
Accelerometer  Data 


The  first  indication  of  the  cause  of  the 
vibration  leading  to  the  fatigue  failure  was  ob¬ 
tained  from  accelerometer  data.  Vibration  data 
showed  two  short  periods  of  transient  vibration, 
one  at  approximately  2.8  seconds  after  start  and 
another  at  approximately  5.12  seconds  or  0.n 
seconds  after  engine  cutoff  (Fig.  5).  The  latter 
period  was  coincident  with  the  time  of  failure, 
and  showed  frequencies  In  the  250  to  400  Hz 
range.  Movies  of  the  nozzle  exit  at  start  and 
cutoff  showed  normal  and  oblique  shocks  near  the 
exit  at  the  time  accelerometers  were  showing  the 
high- amplitude  transients.  Therefore,  a  series 
of  engine  tests  were  run  using  strain  gages, 
movies,  and  accelerometers  to  further  define  the 
structural  behavior  and  fluid  dynamics  during 
both  of  the  nozzle  transient. 

Strain  Gage  Data 

Strain  gage  measurements  obtained  during  the 
start  and  cutoff  transient  also  showed  high  ampli¬ 
tudes  at  the  tee  In  the  200-  to  400-Hz  regime. 

This  transient  was  shown  to  be  <•>.  shock  pulse  with 
a  few  cycles  of  high-amplitude  strain  that  rapidly 
decayed  to  low  levels.  These  transient  strains 


Fig.  5.  Acceleration  on  oxidizer  preburner 
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were  significantly  higher  than  those  correspond- 
Ign  to  the  design  stresses  and  could  explain  a 
low  cycle  fatigue  failure,  but  the  strains  are 
not  large  enough  to  explain  an  overload-type 
failure  In  a  normal  weld. 

An  expanded  trace  of  the  data  during  the 
transient  period  Is  shown  In  Fig.  6.  Here  the 
data  were  filtered  to  separate  the  contribution 
of  strain  due  to  side  loads,  breathing  inodes, 
and  shock  transients.  Approximately  95  percent 
of  the  total  peak-to-peak  strain  shown  on  the 
unflltered  trace  Is  contained  In  the  100-  to 
500-Hz  frequency  band.  This  figure  also  shows 
the  low  amplitude  of  strain  range  contributed 
by  the  breathing  and  pendulum  modes. 
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Fig.  6.  Test  902-160  strain  gage  during 
start  transient 


There  was  considerable  variation  In  the 
maximum  strain  range  from  test  to  test,  and 
usually  only  one  cycle  at  this  peak  strains  oc¬ 
curs  In  each  test.  The  magnitude  of  the  peak- 
strain  range  occurring  in  each  of  the  41  tests 
is  plotted  in  Fig.  7  In  the  order  In  which  the 
tests  were  run.  Generally,  the  peak-strain 
range  is  below  7000  microinches/lnch,  a  value 
that  contributes  very  little  to  low-cycle 
fatigue  damage. 


Fig.  7.  History  of  maximum  strains 


Cause  of  Failure 


The  cause  of  the  failure  was  traced  to 
a  period  of  unsteady  flow  separation  during 
start  and  cutoff.  Operation  of  the  SSME  at 
sea  level  results  In  an  overexpanded  situa¬ 
tion  where  the  nozzle  exit  pressure  Is  less 
than  ambient.  This  effect  is  Increased  dur¬ 
ing  the  startup  and  shutdown  sequences  when 
the  engine  is  operating  below  full -chamber 
pressure.  Figure  8  depicts  such  a  situa¬ 
tion  during  the  shutdown  transient  observed 
In  subscale  cold-flow  testing.  As  the  chamber 
pressure,  Pc,  Is  decreased  relative  to  ambient 
pressure,  Pa,  the  formation  of  a  X  shock  at 
the  nozzle  exit  can  be  seen  in  the  Schlleren 
photographs  (Fig.  8A).  As  the  chamber  pres¬ 
sure  Is  decreased  furthtr,  the  shock  system 
moves  Into  the  nozzle  and  the  downstream  leg 
of  the  X  shock  appears  to  intersect  the  noz¬ 
zle  wall  at  the  exit  (Fig.  8b).  The  flow  be¬ 
comes  unsteady  at  this  pressure  ratio,  and  large 
pressure  oscillations  occur  on  the  nozzle  wall 
with  the  flow  attaching  and  detaching  from  the 
wall  as  shown  In  Fig.  8B  and  8C.  With  a  fur¬ 
ther  decrease  In  the  chamber  pressure,  the  flow 
remains  detached,  and  the  large  pressure  oscil¬ 
lations  cease. 


•  UPSTREAM  SHOCK  LEO 
INSIDE  NOZZLE 

•  DOWNSTREAM  SHOCK  LEG 
OUT  OF  NOZZLE 


•  DOWNSTREAM  SHOCK  LEG  AT  NOZZLE  EXIT 

•  PULSE  EXPANDING  AND  CONTRACTING  APPROXIMATELY 
20  PERCENT  IN  DIAMETER 


•  NO  PRESSURE  OSCILLATIONS  •  LARGE  PRESSURE  OSCILLATIONS  NEAR  NOZZLE  EXIT 

Fig.  8.  SSME  subscale  nozzle  pulse  during  periods  of  high-pressure  oscillations 


179 


The  shock  transients  discussed  above  re¬ 
sulted  In  dynamic  motion  of  the  aft  manifold 
where  the  steerhorns  attach.  These  shocKS  ex 
cited  a  natural  frequency  of  the  steerhorn 
with  a  mode  shape  having  high  strains  at  the 
tee  welds.  To  further  evaluate  the  loading 
dynamics,  a  series  of  subscale  air  flow  tests 
were  carried  out. 

EXPERIMENTAL  TESTING  AND  ANALYTICAL 
RESULTS 

Subscale  Air  Tests 


The  tests  were  conducted  with  a  1/9  scale 
model  of  the  SSME  nozzle,  c  =  77.5.  High- 
frequency  static  pressure  Instrumentation  was 
Installed  as  shown  In  Fig.  9,  In  addition  to 
low-frequency  static  pressure  taps. 


■  tTATIC  TAf*  110' 


TAP  NOMENCLATURE  DOUBLE  LETTERS  INDICATE 
(LETTER)  (NUMBER)  ADOED  TAP  LOCATIONS 
EXAMPLES. 


TAPS:  A11.AU.  ETC. 
D1.b3.DS.  ETC. 


Fig.  9.  SSME  nozzle  model  high-frequency 
pressure  instrumentation  tap 
locations 


Startup  and  shutdown  sequences  were  simu¬ 
lated  by  varying  the  pressure  ratio  Pc/Pa.  A 
typical  test  cycle  Is  presented  In  Fig.  10, 
which  shows  a  compressed  oscillograph  record  of 
the  test  cycle  (Fig.  10A)  along  with  expanded 
portions  of  the  same  cycle.  The  portion  noted 
as  10B  shows  the  wall  pressure  while  the  noz¬ 
zle  Is  flowing  full  (Pc/Pa  >  1000).  As  the 
pressure  ratio  Is  decreased,  the  shock  moves 
Into  the  nozzle,  and  several  strong  pressure 
oscillations  occur  (Fig.  10C).  This  simulates 
the  SSME  during  shutdown.  The  pressure  ratio 
Is  decreased  further  (Fig.  100),  and  only 
small  oscillations  are  measured.  To  complete 
the  cycle,  the  pressure  ratio  Is  then  Increased 
and  as  the  shock  system  passes  through  the  noz¬ 
zle  exit,  the  strong  pressure  oscillations  oc¬ 
cur  again  (Fig.  10E).  Finally,  the  pressure 
ratio  Is  high  enough  to  result  In  a  full  flow¬ 
ing  nozzle  once  again  (Fig.  10F). 

The  high-frequency  pressure  transducers 
were  located  axially,  as  well  as  circumferen¬ 
tially,  to  determine  the  extent  of  area  over 
which  the  loading  was  occurring.  Data  obtained 
from  the  tests  Indicated  a  circumferentially 
uniform  distribution.  The  axial  distribution 
Is  shown  In  Fig.  11.  This  figure  shows  that 


(A)  COMPRESSED  OSCILLOGRAPH  RECORD  OP  TEST  CYCLE 


PR  >1000 

(B)  OSCILLOGRAPH  RECORD  EXPANDED  IN  TIME. 

NOZZLE  FLOWING  FULL  -  NO  PRESSURE  OSCILLATIONS 

(Cl  SHOCK  SYSTEM  ENTERS  NOZZLE  AND  FLAPPING  OCCURS. 
SEVERAL  STRONG  PRES8URE  OSCILLATIONS 

PR<SO 

(D)  SHOCK  SYSTEM  FURTHER  UP  NOZZLE, 

NOT  RESTRICTED  TO  NOZZLE  EXIT 

'-•’“AAvA/buriAw 

<E)  SHOCK  SYSTEM  NEAR  NOZZLE  EXIT.  FLAPPING 
OCCURS;  STRONG  PRESSURE  OSCILLATIONS 

PR  >1000 

(F)  SHOCK  SYSTEM  DOWNSTREAM  OF  EXIT;  NOZZLE 
RESUMES  FULL  FLOW 

Fig.  10.  Typical  test  cycle  (location  D3) 
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FULL  SCALE 
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AP  -  26.53  PSI 
f  -  70.4 


AP- 9.12  PSI 
f  -  70.4 
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Fig.  11.  Pressure  pulses  during  period  of 
jet  oscillations  (PR  =  105) 

the  pressure  fluctuation  Is  axially  In  phase 
but  varies  in  amplitude.  The  amplitude  of  the 
pulse  Initially  Increases  moving  toward  the 
throat  and  then  decreases  to  a  very  small  value. 

A  possible  mechanism  for  this  phenomenon 
is  shown  in  Fig.  12.  The  downstream  leg  of  the 
\  shock  Impinges  on  the  nozzle  wall,  resulting 
in  pressure  buildup  at  the  wall,  which  forces 
the  flow  off  the  wall.  The  flow  then  acts  like 
a  free  jet  pump  and  lowers  the  wall  pressure, 
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•SHEAR  LAYER  IMPINGES  ON  NOZZLE  EXIT 
•WALL  PRESSURE  INCREASES  ABOVE  AMBIENT 

•  SHEAR  LAYER  IS  FORCED  OFF  NOZZLE  WALL  EXIT 

•  FREE  JET  PUMPING  LOWERS  WALL  PRESSURE 

•SHEAR  LAYER  IS  PULLED  BACK  AGAINST  WALL 
AND  PROCESS  REPEATS 


Full-Scale  Nozzle  Loading 

From  the  several  test  cycles  conducted,  a 
statistical  survey  was  performed  to  determine  a 
characteristic  pulse  frequency,  amplitude,  and 
number.  The  results  of  this  survey  are  shown  in 
Fig.  14.  The  values  shown  have  been  scaled  from 
the  air  flow  tests  to  SSME  full-scale  conditions. 
The  scaled  results  indicate  pressure  pulses  as 
high  as  38  psi  occur  In  the  SSME  nozzle  at  a  fre¬ 
quency  of  the  order  of  100  Hz.  The  last  30  to 
36  Inches  of  the  nozzle  e:  'erience  approximately 
7  pulses  during  start  and  3  pulses  during  cutoff. 
This  corresponds  to  an  outward  oscillating  load 
on  the  structure  of  the  order  of  200,000  lbf. 


Fig.  12.  Primary  candidate  driver  mechanism 
of  high  nozzle  strains  (nozzle 
unsteady  flow  separation) 


causing  the  jet  to  Impinge  on  the  wall  again, 
and  the  cycle  repeats  Itself. 

Analytical  Model 

A  computational  model  was  also  developed 
during  this  study,  the  results  of  which  are 
shown  in  Fig.  13.  This  figure  illustrates  a 
velocity  vector  field  near  the  nozzle  exit  and 
the  entrainment  of  ambient  air  by  the  free  jet. 
The  flow  has  been  forced  off  the  wall  by  the  high 
ambient  pressure  as  shown  by  the  degraded 
boundary  layer  profile.  The  vector  length  repre¬ 
sents  the  magnitude  of  the  velocity.  As  can  be 
seen  by  the  boundary  layer  profile  near  the  up¬ 
stream  portion  of  the  flowfleld,  the  velocity  at 
the  wall  Is  zero  then  approaches  the  free-stream 
velocity  in  the  classical  manner.  Further  down¬ 
stream,  degradation  of  the  boundary  layer  begins, 
shown  by  the  steepening  of  the  gradient.  Back- 
flow  than  occurs  as  well  as  entrainment  of  am¬ 
bient  air.  Flow  turning  as  a  result  of  the  obli¬ 
que  shock  Is  also  apparent.  The  large  arrow 
shows  the  flow  of  ambient  air  Into  the  free  jet. 


VELOCITY  VECTORS  NEAR  NOZZLE  EXIT 
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Fig.  13.  Analytical  prediction  of  SSME 
nozzle  flow  (Pc  =  735  psia) 
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Fig.  14.  Representative  shock  pulses  for 
dynamic  model 


The  pulse  series  input  was  used  as  a  forc¬ 
ing  function  for  a  finite  difference  structural 
model  of  the  nozzle.  The  results  Indicated  high 
levels  of  stress  in  the  fuel  feedline,  and  were 
in  good  agreement  with  strain  gage  measurements. 

IMPROVED  FEEDLINE  DESIGN 

Two  fuel  feedline  redesigns  were  developed 
to  reduce  the  stress  levels  that  the  steerhorns 
were  experiencing  during  engine  start  and  shut¬ 
down.  The  first  redesign  consisted  of  nickel 
plating  the  existing  design  to  reinforce  the 
weld  area.  This  design  was  selected  because  It 
could  readily  be  Implemented  on  the  engines. 

A  second  redesign  was  developed  that  would 
provide  a  50-percent  reduction  In  the  stress 
levels.  Since  it  was  not  possible  to  modify  the 
shock  behavior  within  the  existing  nozzle,  a 
more  dramatic  design  change  was  Incorporated. 

In  this  configuration,  the  horizontal  run  of  the 
steerhorn  Is  supported  by  the  ninth  hatband 
(Fig.  15).  A  thermal  expansion  loop  Is  pro¬ 
vided  In  the  vertical  feedline.  The  redesigned 
configuration  of  the  fuel  feedline  was  also 
modeled  and  excited  with  the  same  pulse  series 
as  before.  The  redesign  showed  a  much  lower 
level  of  response  than  the  Initial  design,  and 
has  been  incorporated  Into  the  SSME. 

Forty-one  samples  of  strain  data  had  been 
gathered  during  the  engine  testing  of  the  ori¬ 
ginal  design,  and  it  was  shown  that  fatigue  oc¬ 
curred  in  only  a  few  tests.  Based  on  this  data, 
it  was  desirable  to  obtain  a  similar  number  of 
samples  of  both  the  reinforced  tee  design  and 
the  final  redesign.  Fifty-seven  samples  of 
data  from  the  reinforced  tee  configuration  were 
obtained,  and  showed  maximum  strains  only  56 
percent  of  those  of  the  original  configuration. 
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CONCLUSIONS 


TEE  SUPPORT 


STEERHORN  BRACKET 
SUPPORT 


Fig.  15.  Redesigned  nozzle 

Thirty-one  samples  of  data  from  the  final  design 
have  been  accumulated,  and  the  maximum  strain 
Is  only  14  percent  of  the  original  design.  This 
is  significantly  below  the  fatigue  damage  limit 
and  results  in  infinite  predicted  life.  A  com¬ 
parison  of  the  engine  test  data  is  shown  in 
Fig.  16. 
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PROBABILITY.  PERCENT  OF  POPULATION 


The  SSME  nozzle  experiences  on  overexpanded 
situation  during  the  start  and  cutoff  transients, 
at  sea  level,  that  results  in  periods  of  un¬ 
steady  flow  separation.  A  time-dependent  solu¬ 
tion  to  the  viscous  Navier-Stokes  equation  was 
developed  to  analyze  the  complex  flowfleld. 

Experimental  air  flow  tests  Indicated  that 
the  SSME  nozzle  was  experiencing  peak  pressure 
oscillations  of  38  psi  at  a  frequency  of  approxi¬ 
mately  100  Hz  occurring  over  the  last  3  feet  of 
the  nozzle. 

Pressure  pulses  Input  to  the  dynamic  struc¬ 
tural  response  model  showed  excellent  correla¬ 
tion  with  data  measured  during  engine  testing. 

Finally,  engine  test  data  show  both  the 
reinforced  tee  design  and  the  redesign  have  life 
capability  for  the  planned  flights  of  the  Space 
Shuttle  Vehicle. 
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Fig.  16.  Nozzle  steerhorn  strain  measurements 
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